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Foreword

Periodically in the evolution of an important branch of clinical medicine
there develops a critical need for a textbook which combines with the
clinical aspects of disease syndromes an in-depth review of the sciences
basic to the disorders discussed, as well as a carefully selected but com-
prehensive review of pertinent literature. LABHART’S Clinical Endo-
crinology revised and translated into English provides for this need
in the field of endocrinology in an exemplary manner.

Prof. LABHART has selected his individual authors with great care,
and they in turn have provided authoritative monographs. An interesting,
useful and informative introduction to each chapter is provided by a
tabulation of the dates of important or significant contributions to the
field. The chapter subdivisions present in great detail a wide variety of
subjects such as embryology, anatomy, biochemistry, physiology, indi-
vidual hormones and their analogues, biosynthesis, metabolism and
regulation of hormone release as well as a full discussion of the clinico-
pathological correlations. The bibliography is unusually extensive and
will provide an important source book for all investigators and students
in the field.

It is a tremendous accomplishment that a work of this magnitude,
so broad and so extensive, could be brought up to date in its English
translation with such a relatively short lag period between the author’s
revision and the date of publication. This volume will fill an important
place in medical libraries as well as providing experts in the field with
authoritative source material. Furthermore, in these days of shortened
medical school curriculum in the basic sciences the sections in the book
concerned with such areas as anatomy, biochemistry and physiology
will provide students with an excellent background for their clinical
responsibilities.

The translation of a textbook of this magnitude presents a formidable
undertaking. Prof. LABHART and his co-authors are to be congratulated
for making available to the English literature this updated version of
their classic.

Boston, April 1974 GEORGE W. THORN



Preface to the 2nd German Edition

There has been such rapid development in the background knowledge
basic to clinical endocrinology that for the second edition everything ex-
cept the clinical descriptions had to be completely rewritten. Two of
the authors involved in the first edition, Prof. K. G. OBER and Prof. T.
ZANDER, were unable to contribute to this edition due to new commit-
ments. Our gratitude is due to Prof. W. E. SCHREINER and Dr. P. J. KELLER,
under Prof. E. HELD at the Zurich School of obstetrics and gynecology,
who took over and rewrote the chapters on ovary and pregnancy.

Despite the enormous increase in the content, it has been possible
to keep the number of pages about the same as in the first edition and
avoid the necessity of a two-volume work by using a larger format
and omitting many illustrations we had planned to include. We had
intended to reproduce a large number of electron micrographs but have
had to content ourselves with citing the original papers.

Where it was only possible to refer very briefly to newly discovered
facts the original papers are cited. They are quoted in the text by first
author and year of publication only, to save space. The lists of references
for each chapter have again been divided up into subsections, and they
also contain publications not referred to in the text. They can thus be
used independently. The publications in the list are a personal selection;
preference is given to the most recent reviews and we lay no claim to
completeness or citation of first descriptions. Early papers of outstanding
significance have been retained in the lists of references alongside the
most recent publications on the same subjects.

Almost 20 years ago, when 1 asked my clinical teacher Prof. ScHUP-
BACH, whether he thought I might venture to write a textbook on the
total field of endocrinology, he thought for some time before answering
in the affirmative, and followed up this reply with the observation that
the second edition might be successful. It is not for us to judge whether
this has been borne out. However, if we succeed in providing endocrin-
ologists and other specialists with a useful survey of the whole field
of clinical endocrinology and the nonclinical disciplines essential to
its comprehension before it is broken down into subspecialties, we shall
feel we have attained the goal of the second edition.

We are much indebted to Springer-Verlag, to Dr. H. GOtzE for his
kindly advice and unfailing help in the work of planning, and to Mrs.
T. DEIGMOLLER for her tireless help in the meticulous work involved
in the production of the second edition. We should like to thank
our secretaries, Mrs. WACHTER-BRANDENBERG, Miss L. WAGNER, Miss
M. ScHITTENHELM, and Miss M. WALDVOGEL, and the librarians Miss
F. BELART and Miss S. DOMEISEN for their help, our scientific assistant
Dr. K. BAUMANN for the compilation of the subject index, Dr. J. ZAPF
and Dr. U. KELLER for correction of the proofs, and numerous of our
colleagues for constructive criticism and advice.

Zurich, April 1971 A. LABHART



Preface to the 1st German Edition

There has been substantial progress in endocrinology over the past
20 years, and the specialty’s position within medicine as a whole has
changed radically.

The science referred to as endocrinology 20 years ago was concerned
predominantly with description and morphology; with the realization
that hormones were involved in the regulation of metabolism it has
become an integral element of our knowledge of metabolic disorders,
and as a result of the discovery of the effects of adrenal hormones
on inflammation and the involvement of the pituitary-adrenal axis in
resistance mechanisms there is now hardly a single field of medicine
that is not bound up with the problems of endocrinology.

During the war years and the period immediately after the war,
progress was particularly rapid. Biochemically oriented medicine was
undeniably more advanced in the United States than in Europe, where
the tradition of medicine based on morphology and bedside observation
prevailed ; we have attempted to achieve a blend of both these elements
in this book.

We were fortunate to have the opportunity of observing Ameri-
can methods of clinical medicine and research during extended stages
of study at clinical endocrinology centers in the United States Peter
Bent Brigham Hospital, Boston (G. W. THORN), Johns Hopkins Hospital,
Baltimore (L. WiLKINS), Mayo Clinic, Rochester (R. M. WILDER), Uni-
versity of California medical school (H. D. MOON), and we have kept
in close contact and followed developments in America ever since.

Four of the authors (COURVOISIER, HEDINGER, LABHART, and WERNLY)
are former students of the late Prof. ScHUPBACH (Berne), who always
kept up to date with the latest developments in endocrinology and
had the ability to introduce them into bedside medicine. It was he who
first aroused our interest in endocrinology. He took a lively interest in the
progress of this book right up to his death.

The idea of writing a textbook on endocrinology was initially pro-
posed by Prof. P. H. Rossier. His medical clinic in Zurich, as a site
of both day-to-day medical activity and experimental medicine, was
well suited to the blend of theory and practice we have tried to achieve.
We have tried to adopt the same functional approach to medicine as
Prof. Rossier. We would not have ventured to embark on this work
without his initiative and encouragement.

The kindness of Prof. G. FRaANCONI and Prof. C. KAUFMANN made it
possible to include pediatric and gynecological endocrinology, without
which the work would have been incomplete. We are indebted to
Prof. UEHLINGER of Zurich for his valued and unstinting advice and
his untiring help in the selection and acquisition of the illustrations,
and no less to Springer-Verlag, Heidelberg, for their unfailing help in the
planning and production of our textbook.

Zurich, December 1956 A. LABHART
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I. General Aspects of Endocrinology

HAaNs BURGI

A. Introduction

Hormones are chemical messengers which are
dissolved in extracellular fluid and carry in-
formation between cells*. Within any single
cell, information is transmitted through chemi-
cal compounds in a similar manner. Such in-
tracellular messengers include enzymes, allosteric
ligands and proteins, certain ribonucleic acids
and deoxyribonucleic acids. It is noteworthy
that deoxyribonucleic acids can also store
information, a feature which is lacking in the
endocrine system. The function of hormones
might be compared to that of nerves, which
also convey information from one cell to another.

Dissolved Hormone
' Extracellular water

4 N

Non-protein Protein Hormones

Hormones

Enzymes

RNA

P

DNA
(Genes)

Endocrine cell

J

Intercellular communication cannot always
be definitely assigned to either the neural or
the hormonal pathway. There are certain cases
where the secretion of hormones is influenced
by neural stimuli, and other cases where
hormones can become direct transmitters of
neural information, e.g. norepinephrine, which
is secreted at the nerve endings of the sympa-
thetic nervous system. The neurosecretion of
the supraoptic and paraventricular nuclei of the
diencephalon is a mechanism having characteris-
tics of both neural and hormonal communica-
tion. In this case, information flows along the
axis cylinder of a nerve cell in the form of
discontinuous signals. These signals are not

\
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Fig. 1. Schematic representation of the flow of information within an endocrine cell and from there to the receptor cell.
The dashes indicate a feedback loop. Abbreviations: RNA: ribonucleic acid; DNA: deoxyribonucleic acid

In contrast to the endocrine system but like
the intracellular genetic system, the nervous
system is also capable of storing information.

* This definition is based on physiological considerations
and does not include hormones or their pharmacological
derivatives as used for therapeutic or diagnostic purposes.
A similar “operational” definition of hormones has recently
been exhaustively discussed by VALLOTTON (1969).

variations in electrical potential but rather
hormone-containing particles which are convert-
ed to soluble hormones in the posterior lobe
of the pituitary gland. Hormone molecules are
dissolved in the extracellular fluid and travel
from their endocrine cell of origin to their
appropriate receptor or target cells. Usually
they are carried by the bloodstream and quickly
reach their target cells, which may be quite
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distant. Hormones which diffuse only locally
in the interstitial fluid surrounding an endocrine
cell are called tissue hormones.

Hormone molecules transfer their infor-
mation through contact with a receptor at the
target cell. They thereby regulate certain chemi-
cal or physical processes within the receptor
cell which finally result in known biochemical
and clinically evident hormonal actions. In
many cases the information contained in the
hormone is reconverted at the cell membrane
into an intracellular second messenger which
in turn controls a process within the cell. In
this manner information issued by the endocrine
cell eventually reaches its destination. However,
the flow of information in the organism does
not cease at this point. Processes may be
triggered in the target cell which lead to the
formation of feedback loops. Under the in-
fluence of a hormone a receptor cell may release
greater or smaller amounts of a chemical
compound (e.g. a metabolite or another hor-
mone) into the extracellular fluid, hereby in-
forming the original endocrine cell that it has
received and executed the instruction. Fre-
quently, in a negative feedback, this will inhibit
the endocrine cell from issuing the same in-
formation, i.e. from secreting more hormone.
Fig. 1 shows a simplified representation of
the flow of information from the endocrine
cell to its receptor and back to the endocrine
cell of origin. The individual steps in the transfer
of information by hormones will now be
discussed in detail and illustrated by typical
examples.

B. Endocrine Genetics

Hormones are of great interest to the geneticist
primarily because certain diseases are known
to be caused by inherited deficiencies of specific
hormones. Examples among the protein and
peptide hormones are the inherited deficiencies
of antidiuretic hormone and of growth hormone.
Whether diabetes mellitus is due to an inherited
disorder of insulin biosynthesis is still contro-
versial. In addition, several endocrine disorders
are caused by an inherited deficiency of the
enzymes necessary for the biosynthesis of non-
protein hormones. Examples are the various
adrenogenital syndromes and certain forms of
congenital hypothyroidism. Inherited failure
of the target organ to respond to its corre-
sponding hormone is the cause of pseudo-
hypoparathyroidism and renal diabetesinsipidus.

Patients with the syndrome of multiple
endocrine adenomata suffer from an inherited
tendency to develop tumors in various endo-
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crine glands. Certain disorders of the thyroid
gland, such as thyrotoxicosis, Hashimoto’s
thryoiditis, and primary myxedema, all of which
appear to be associated with autoimmune
processes, show a familial incidence without
clear-cut genetic transmission.

Other endocrine diseases, for example, Tur-
ner's syndrome and Klinefelter's syndrome,
are due to chromosomal disorders. These syn-
dromes have provided important information
regarding the function of sex chromosomes.

It may be of interest to the biochemically
oriented geneticist to know that hormones
were among the first proteins to have their
amino acid sequences fully elucidated. Sur-
prisingly, certain hormones with very different
actions were found to be chemically closely
related. Thus, large parts of the ACTH molecule
are identical to the «-MSH molecule and a
whole subunit of the TSH molecule is identical
with a subunit of the LH molecule. Such close
similarity between two proteins is probably the
end result of gene duplication, an important
mechanism by which new proteins are acquired
in the course of evolution.

C. Biosynthesis of Hormones

Research on the biosynthesis of protein hormones
has long been hampered by the lack of suitable
isolated tissue preparations and, in particular,
of corresponding cell-free systems. However,
one may assume that protein hormones are
synthesized at the ribosomes according to the
“classic” concepts of molecular biochemistry.
Insulin is the protein hormone whose biosynthesis
has been most fully studied. The linkage of the
two peptide chains of insulin by two disulfide
bridges represents a particular biochemical
problem. The earlier view that the two protein
chains were separately synthesized and sub-
sequently joined by the disulfide bridges no
longer seems tenable. The investigations of
STEINER (1967) in both man and rat demonstrated
a single-chained insulin precursor —proinsu-
lin —containing both the 4 and the B chains
of insulin. The amino acid sequence of pro-
insulin has been worked out recently by CHANCE
(1968). The two-chained insulin molecule arises
through enzymatic removal of a peptide, the
connecting or C-peptide, from the proinsulin
molecule. The mechanism suggested by STEINER
and CHANCE for the biosynthesis of insulin is
shown in Fig. 2. Whether analogous ‘‘pro-
hormones” also exist for other protein hormones
remains to be investigated. Strictly speaking,
thyroglobulin could be considered the pro-
hormone of thyroxine, since thyroxine is an
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amino acid which is synthesized as a component
of the large protein thyroglobulin. Hormone
secretion involves the splitting off of thyroxine
from thyroglobulin by proteolysis. It is not
known whether the low molecular weight peptide
hormones of the posterior pituitary lobe are

H H 77N -~ 53
S s -~~~ s coon
HZNN S S
H H

Proinsulin

|

S-S
HZN\——"\J’\r COOH A-chan
S

S S
H,N—"———— __COOH B-chain

Insulin

Fig. 2. Biosynthesis of insulin according to D. F. STEINER
(1967). The dashed portion of pro-insulin, the so-called
connecting peptide, is split off enzymatically at the points
indicated by arrows

also synthesized via a prohormone at the
ribosomes. It is theoretically conceivable that,
like certain bacterial peptides, they are synthesiz-
ed via an enzymatic non-ribosomal pathway
(MacH, 1963), or they may be split off from
larger prohormone molecules. The biosynthetic
mechanisms for the nonprotein hormones (stero-
ids, catecholamines) have been fully elucidated
and will be discussed in the appropriate sections.

D. Storage and Release of Hormones

Hormones of the pancreatic islets, anterior
and posterior pituitary gland, adrenal medulla,
and thyroid gland are not only synthesized but
may also be stored in considerable amounts
within the endocrine organ. In contrast, steroid
hormones of the adrenal cortex and gonads
are not stored in any significant amount.
Granules surrounded by membranes can be
detected in most of the endocrine cells which
do store hormones by light and electron micro-
scopy. There is good evidence, sometimes in-
direct, that the granules contain stored hormone.
Catecholamines can be chemically identified
in the granules of the adrenal medulla (WURT-
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MAN, 1965), and insulin has been demonstrated
by immunofluorescence in the B-cell granules
of the pancreatic islets. Few data are available
on the physicochemical state of stored hor-
mones. Adrenaline and ATP are found in a
fixed molar ratio of 4:1 in the granules of the
adrenal medulla (WURTMAN, 1965). However,
the nature of a possible chemical bond between
these two substances is not known. Thyroid
hormones are stored in an unusual manner,
namely extracellularly in the colloid as com-
ponents of thyroglobulin. Thyroxine and tri-
iodothyronine are probably bound by peptide
bonds to this large glycoprotein molecule.
Release implies the expulsion of the hormone
from its endocrine cell into the extracellular
fluid. We have at present only limited informa-
tion about the complex process by which
hormones, which are often poorly fat-soluble,
are transferred through the lipid-rich cell mem-
brane. LAcCy (1967) was able to show by electron

Fig. 3. Biosynthesis and release of insulin. Hormone syn-
thesis begins in the endoplasmic reticulum. The hormone
precursor, which is at first still amorphous and biologically
inactive, is surrounded by a membrane and is converted
into crystalline insulin or pro-insulin. The granular content
is forced by emeiocytosis into the interstitial fluid where
insulin is dissolved. Finally, the dissolved insulin diffuses
into the capillaries. (From P. E. Lacy, 1967)

microscopy that insulin granules migrate from
the center of the pancreatic B-islet cells toward
the periphery in the course of insulin secretion
(Fig. 3). The granular membrane then fuses
with the cell membrane and the granular content
is ejected into the extracellular fluid by a process
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termed emeiocytosis. According to recent in-
vestigations, the granules in the cell move along
microtubular structures which may be surround-
ed by contractile filaments (LACY, 1968). There
is now good evidence that adenosine 3',5'-mono-
phosphate (cyclic AMP) is involved in the
mechanism for the release of insulin (MALAISSE,
1967; LAMBERT, 1967). The secretory granules
of the anterior pituitary have recently been
isolated by differential centrifugation and found
to be rich in a protein kinase which, under
certain conditions, is dependent upon cyclic
AMP and phosphorylates structural proteins
of the granule (LABRIE, 1971). This again
suggests that cyclic AMP has a role in hormone
release.

The process of hormone release must occupy
a central position in the transfer of information
by hormones, as underscored by the following
reasoning: Most hormones have a fixed pe-
ripheral disposal rate, or half-life, once they
have left the endocrine cell. Therefore, a given
hormone concentration in the extracellular fluid
which is crucial for the information to be
conveyed can only be achieved and main-
tained by adjusting the rate of hormone release.
Consequently, hormone release must be a
delicately controlled process.

E. Hormone Transport

As stated initially, hormone molecules travel
in the extracellular fluid from their endocrine
cell of origin to théir receptor cell. In most cases,
hormones diffuse from the interstitial fluid
surrounding the endocrine cell into the blood,
which assures rapid transport to the receptor
cell. Tissue hormones are an exception. They
diffuse only locally in the interstitial fluid and
thus reach only neighbouring cells. Often the
concentration of a hormone is not uniform
in all parts of the circulation,i.e. the circulating
blood is subdivided into hormonal compart-
ments. Such a process is probably of great
importance for hypothalamic releasing factors.
These factors attain an effective concentration
only in the very small pituitary portal veinous
system. The effects of glucagon and insulin
on the liver are probably influenced by the
fact that their concentration is significantly
higher in the portal system than in the arterial
blood.

Certain hormones are bound to specific
proteins in the blood. This is true of thyro-
xine and cortisol, and probably also of
estradiol, progesterone and testosterone. Wheth-
er insulin circulates bound to a protein is con-
troversial. Assuming that only ore single protein
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with only one binding site per molecule combines
with the hormone, the reaction occurs according
to the general formula:

h+p=a2hp

h = free hormone, p = carrier protein, hp =
hormone-carrier protein complex.

Experiments with isotopically labeled hor-
mones have shown that the free hormone is
in general fully exchangeable with the protein-
bound hormone. This suggests that the hormone
binds to the protein by noncovalent bonds and
that the free and the bound hormone are in an
equilibrium governed by the law of mass action.
In the case of thyroxine, peripheral hormone
action correlates better with the concentration
of free hormone in the plasma than with the
concentration of the protein-bound hormone.
It has been generally held, thetefore, that only
free hormone molecules can diffuse from the
blood into the interstitial fluid and reach their
receptor cells (RoBBINs, 1960). It follows that
appropriate clinical assessment of thyroid func-
tion would theoretically require the measure-
ment of the free hormone concentration. Un-
fortunately, in the case of both cortisol and
thyroxine, measurements of the free hormone
in the plasma — though feasible —are still techni-
cally laborious. For both hormones the clinician
must generally be satisfied with an estimate
of the total hormone. Understanding of the
mathematical relationship between the value
of total hormone supplied by the routine chemical
laboratory and the physiologically important
free hormone concentrations is therefore of
theoretical as well as clinical importance.

The following derivations can be made from
the general formula above:

_Inl-[p]
K =T

K = dissociation constant of hormone-
carrier complex.

(law of mass
action). )

[P] = [p] + [hp] 2
= total concentrationof carrier protein
(free plus bound),
[p] = [P] - [hp], 3
_ . by substitu-
k = P }["”’]) L1 7
[hp] into (1)),
_IP]-[r] _
- [h p] [h] s (5)
_ [P]-[A]
[hp] = KT[h]’ (6)
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(bydefinition
total amount (7)
of hormone:

free plus

bound),

(by substitu-
tion of (7) (8)
into (6)).

[H] = [h] + [hp],

() = $olek + 1h).

It becomes clear from Eq. (8) that the measured
total hormone concentration [H] is not a simple
straightforward function of the physiologically
important free hormone concentration [4]. On
the other hand provided the free hormone re-
mains constant, [H]isastrictlinearmeasure of the
concentration of carrier protein [P]. The curves
in Fig. 4 illustrate the mathematical relationships
derived from Eq. (8). Although the calculations
above are based on simplifying assumptions
(see below), the curve shown in Fig. 4 resembles

that obtained from actual measurements of

total and free thyroxine (REICHLIN, 1967).

Free Hormone [h]

Total Hormone [H]

5

The assumption that there is only one species
of carrier protein for every hormone is probably
an oversimplification. Thus, Eq. (8) and the
corresponding curves only approximate the
actual conditions. Mathematical derivations
with more general validity can be found in
ROBBINS (1960) and SANDBERG (1966). In fact,
thyroxine is bound to three proteins in the
plasma, thyroxine-binding globulin (TBG), thy-
roxine-binding pre-albumin (TBPA)and albumin
itself (OPPENHEIMER, 1968). TBG and TBPA
have been isolated from the plasma and exten-

‘sively analyzed. Cortisol is bound to cortisol-

binding globulin which has also been termed
transcortin. This protein has also been isolated
(SANDBERG, 1966). All three hormone-binding
proteins so far investigated appear to bind one
hormone molecule per protein molecule.

The importance and function of hormone-
binding plasma proteins are far from clear.
These proteins do not appear to serve the
purpose of improving solubility of hormones
in the plasma, since cortisol and thyroxine

o

x|
+
ppy

Carrier Protein [P]

[h]

—

Total Hormone [H]

Fig. 4. Theoretic curves of [4] and [P] as functions of [H] in Eq. (6) p. 4. In the curve on the left, [P], the total carrier con-
centration, is taken to be constant. In the curve on the right, [4], the concentration of free hormone, is taken as a constant.
[H} may be considered representative of the total serum hormone (e.g. cortisol or thyroxine)

From Eq. (8) it follows that, in order to
calculate the level of free hormone from the
measured total hormone, one must also know
the concentration of carrier protein [P] and the
dissociation constant [K]. However, these two
parameters are still not generally available to
the clinician, and he therefore assumes that
both are constant values. This simplification is
only justified by the lack of suitable practical
methods of measuring the free hormone con-
centration. One must be aware that, for example,
in patients with a low plasma protein level, as in
cirrhosis of the liver or the nephrotic syndrome,
low plasma cortisol and serum thyroxine con-
centrations may be measured yet the level of
free hormone can be quite normal. The reverse
can, of course, be true when the proteins
binding cortisol and thyroxine are elevated,
a condition frequently encountered today in
women taking oral contraceptives.

would be easily soluble in water in the physio-
logically required concentrations. The possibility
that hormone-binding proteins may regulate
hormone release to tissues is conjectural. For
this to occur, concentrations and dissociation
constants of hormone-binding proteins would
have to adjust rapidly to different metabolic
situations. There is no reliable evidence for
such rapid adaptations so far, except perhaps
in the case of TBPA, the concentration of which
falls in acute inflammatory processes, resulting
in a temporary rise of free hormone in the
plasma (INGBAR, 1960; OPPENHEIMER, 1963).
An important regulatory function of these
proteins is refuted by the fact that people
with an inherited deficiency of TBG are ab-
solutely healthy and have normal thyroid func-
tion. Alternatively, the possibility has often
been considered that hormone-binding proteins
may prevent or slow down disposal and excre-
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tion of their corresponding hormone, thus
resulting in more economical hormone secretion.
This view is contradicted by the observation
that people with inherited TBG deficiency
have a normal secretion rate of thyroxine
(N1coLOFF, 1964). In conclusion, therefore, we
agree with DE Moor (1968) that the physio-
logical significance of hormone-binding pro-
teins in the plasma is not known.

F. Transfer of “ Hormonal >’ Information
to the Receptor Cell

“Hormonal” information in the plasma and
interstitial fluid exists in the form of the hormone
concentration which may be zero or any chosen
positive value. In most cases the receptor cells
seem to be sensitive to the hormone concentra-
tion in the surrounding extracellular fluid. In
many cases the mathematical relationship be-
tween hormone concentration and hormone
effect obtains according to ARIENS (1956),
making the following two assumptions:

1. Hormones act by combining reversibly
with cell receptors (see p. 7) according to the
general formula:

r+h 2 rh, 9)

where r = receptor, # = hormone and rh =
receptor-hormone complex.

In at least one system, the binding of
insulin to fat-cell receptors, this assumption
has been verified, since both the association
and dissociation reaction followed the expected
kinetics (CUATRECASAS, 1971 a).

2. Hormone effect is directly (linearly) pro-
portional to the concentration of the hormone-
receptor complex:

E, = a[rh], (10)

where E, = action of hormone 4, [rh] = con-
centration of receptor-hormone complex, a is
a constant, (proportionality constant).

If [R] = [r] + [rh], the total concentration
of receptor (i.e. free receptors plus those bound
to hormone), according to the law of mass
action, the dissociation constant (K) of the
hormone-receptor complex is:

o [0 _ (R]=[rhD[H]
[rh] [rh] ’

From this, the concentration of hormone-
receptor complex can be calculated as follows:

[ri) = —8L—
= +1

[4]

(11)

(12)
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Through substitution in Eq. (10):

E, = a[rh] = _a[_li]__-
SO
[4]
The maximum effect (E, max) is achieved if
all receptors are saturated with hormone, thus if

(13)

[rh] - [R]
then
E,max = a[R]. (14)
Substitution of Eq. (14) in Eq. (13) gives:
E, = E, max . (15)
I
(k]

From this equation, which is formally identical
with that of MICHAELIS-MENTEN for enzyme ki-
netics, theoretic concentration-response curves
can be drawn. Such a theoretic curve is
shown in Fig. 5. It demonstrates that hormone
action should be linearly proportional to the
logarithm of hormone concentration in the
middle part of the S-shaped curve.

1 1 1
107 1 10
Hormone concentration (log scale)

Fig. 5. Relationship between hormone concentration and
hormone action. Theoretic curve calculated according to
formula 15 on p. 6. (From E. J. ARiens, 1956)

—
o
1

M Moles CO, from glucose
wn
1

o

1 1 1 1 1 1
125 5 20 80 320 1280 z U/ml
Insulin-concentration (log scale)

Fig. 6. CO, production from glucose in isolated fat cells
incubated in vitro in the presence of different concentrations
of insulin. (From J. GLIEMAN, 1965)
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In practical experiments, hormonal effects
often do follow curves similar in shape to those
calculated theoretically, as seen in Fig. 6. The
relationship between hormone concentration
and effect derived from Eq. (7) may well be
an oversimplification of the actual state of
affairs. Recent experiments by RODBELL (1971 a,
1971 c) have shown that in the case of glucagon
neither assumption (1) nor assumption (2)
strictly hold. Thus, hormone-target cell inter-
actions may be vastly more complicated than
outlined above.

Occasionally, the effector cells do not seem
to respond to the surrounding hormone con-
centration but rather to the velocity at which
this hormone concentration changes. In mathe-
matical terms, therefore, these effector cells are
sensitive to the first differential of hormone
concentration against time. CLYNES (1961) show-
ed that a “differential” sensitivity of this kind
existed in the pupillary reaction to light stimuli.
DaLLMAN (1969) found evidence of an analogous
phenomenon in an endocrine system, namely
the action of corticosteroids on hypothalamic
centers.

G. Receptors

For a hormone molecule to produce an effect
it must come into direct physical contact with
the target cell. It must therefore be accepted
that the target cell possesses certain structures
termed receptors or discriminators which “‘rec-
ognize” a hormone and convert the information
contained in the dissolved hormone into bio-
chemical processes within the cell. During this
process of recognition a physical or chemical
reaction must take place between the hormone
molecule and its receptor. It is likely that this
reaction consists of the binding of the hormone
molecule to its receptor. The three-dimensional
shape of the receptor molecule is probably such
that it is complementary to the shape of the
hormone molecule or of parts of it, in which
case the hormone and the receptor would fit
together like pieces of a jigsaw puzzle. Since
receptors transmit information from the extra-
cellular fluid into the cell, it is logical to assume
that they are located in the cell membrane
facing outwards. Experimental support for this
view has come from ingenious studies by
CUATRECASAS (1969). He incubated isolated fat
cells in the presence of insulin which was bound
chemically to beads of agarose (a carbohydrate
polymer), and found that insulin still exerted
its biological effect on glucose transport. Since it
is practically inconceivable that the agarose par-
ticles penetrated into the cells, the interaction be-

7

tween hormone and receptor must have taken
place at the outer face of the cell membrane.

Some very relevant information about the
nature of the bonds between hormones and
receptors has accumulated in the past 10
years. If it is assumed that the combination
is reversible (which is probable but remains to
be proven for many hormone-receptor inter-
actions), then noncovalent bonds are the most
likely to be involved. On the basis of extensive
comparisons of the activity of steroid hormones
and their numerous chemical analogues, BUusH
(1962) was able to identify certain parts of the
steroid molecules which must participate in the
attachment to the receptor. One conclusion he
reached was that one way glucocorticoids were
bound to their receptors was through a hydrogen
bond involving the 11B-hydroxyl group of the
hormone. Ionic and hydrophobic interactions
produce other types of bonds. Hydrophobic
bonds develop through the tendency of hydro-
phobic (uncharged, apolar) groups of molecules
to associate in aqueous solution. Such apolar
groups are found in abundance in the hydrocar-
bonsidechains of certain amino acids of proteins.
The bondsdeveloped in this way are weak, butare
of eminent importance, e.g. for the maintenance
of the tertiary and quarternary structure of
proteins, because of their large number. RODBELL
(1971d) demonstrated that a region rich in
hydrophobic amino acid side chains of the glu-
cagonmoleculeisinvolved in the bindingto liver-
cell membranes. The binding can be reversed by
0.4 M urea. Both observations strongly implicate
hydrophobic interactions between hormone and
receptor. In the case of protein and peptide
hormones which contain disulfide bridges (in-
sulin, antidiuretic hormone), the possibility has
been considered that covalent bonds may occur
with sulfhydryl groups of the receptors through
the formation of a mixed disulfide between
receptor and hormone. The in-vitro action of
insulin upon adipose or muscle tissue can in
fact be prevented by the use of sulfhydryl-
blocking agents such as N-ethyl maleimide
(OTT, 1963). However, the conclusion that this
proves the formation of a mixed disulfide
between insulin and its receptor has been seriously
challenged, and excellent evidence has been
produced that a disulfide-sulfhydryl exchange
is not involved in the action of antidiuretic
hormone (WALTER, 1967) or in that of insulin
(CUATRECASAS, 1971).

BUTCHER (1965) and GRAHAME-SMITH (1967)
observed that the maximal effects of epinephrine
on adipose tissue and of ACTH on the adrenal
cortex were not limited by the number of
receptors, as might have been deduced from
Egs. (14) and (15) in the previous section; in
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fact these tissues appeared to have an excess
of hormone receptors and the maximal hor-
mone effect is limited by secondary processes
triggered in the target cell by the hormone.
Usually, these secondary processes are chemical
reactions where the amount of an enzyme or
substrate can be rate limiting factors. ARIENS
(1966) gives a full discussion of the kinetic
implications of such spare receptors.

The attachment of a hormone to the target
cell can be quantitatively demonstrated by the
fact that the concentration of hormone is greater
in the cell than in the surrounding fluid. Such
an accumulation of hormone in the target cell
has been demonstrated for the non-protein hor-
mones aldosterone (SHARP, 1966), estradiol (JEN-
SEN, 1962), thyroxine (HOCH, 1967) and possibly
also for cortisol (SEKERIS, 1967). In vitro,
aldosterone is rapidly and completely bound
to toad bladder mucosa within 30 min. It is
interesting that hormonal effects become evident
only after 40120 min. The binding occurs at two
different receptors with very different affinity
constants of 1.4 x 10 and 4 x 10'2 Mol ™!
(SHARP, 1966). The attachment of aldosterone
to the receptors is reversible and 96% of the
bound hormone can be eluted from the mucosa
in chemically unaltered form. This strongly
implies that the bonds between the hormone
and its receptors are noncovalent.

JENSEN (1962) injected estradiol labeled with
tritium into female ovarectomized rats, and
found that the hormone accumulated in the
uterus, vagina and anterior pituitary lobe.
Fractionation of cells and autoradiographic
investigations showed that estradiol was bound
predominantly to the cell nuclei (STUMPF, 1966).
TorT (1966) isolated a protein from rat uterus,
whose properties fulfilled the criteria of a
specific estrogen receptor. JENSEN (1972) found
two different estrogen receptors in rat uterus:
one was a cytoplasmic protein with a sedimenta-
tion constant of 4 S, and the other, present
in rate-limiting amounts, a nuclear protein with
a sedimentation constant of 5 S. There is good
evidence that estrogen binding converts the
cytoplasmic receptor from its4 Sto a 5 S form,
which then migrates to the nucleus.

Hypothyroid rats bind large amounts of
injected thyroxine to their liver mitochondria.
Between 1 and 5 molecules of thyroxine per
respiratory chain unit are bound during this
process (HocH, 1967).

Injected cortisol is very quickly absorbed
into liver cells. A part is metabolized there,
whereas a smaller part remains bound to the
cell nuclei as unchanged cortisol (SEKERIS, 1967).
BAXTER (1972) has shown that in the cytosol
of liver cells, cortisol or other steroids with
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glucocorticoid activity first bind reversibly to a
cytoplasmic soluble receptor protein and thereby
produce some change in shape (conformation)
of this receptor molecule. The protein-steroid
complex travels to the nucleus, and, thanks to
the small conformational change produced by
the binding of the steroid, it can now bind to
nuclear DNA and exert control over the tran-
scription of certain genes. The protein receptor
alone without steroid hormone cannot bind to
DNA because its shape is slightly different and it
does not fit the DNA receptor. The details of the
following reaction, the selective transcription
of certain DNA strands, has not been fully
worked out, but the end result appears to be
the production of more of the enzyme tyrosine
aminotransferase. The complex sequence of
events is depicted schematically in Fig. 11
(p. 15). For a better understanding the reader is
also referred to the section on protein synthesis
(p. 15 and Fig. 10).

Reversible binding of peptide hormones to
their target cells has been controversial until
recently. Thus CROFFORD (1968) found that
insulin disappeared in vitro from an incubation
medium containing adipose tissue cells. He
attributed this to destruction of insulin and he
was unable to detect reversible binding to the
fat cells. However, in the past two years excellent
evidence has emerged in support of reversible
binding of insulin, ACTH and glucagon. Cua-
TRECASAS (1971¢) has shown that !%°I-labeled
insulin binds reversibly to fat cells. The insulin
could be recovered unchanged from the cells
by elution. One single fat cell bound up to 10000
insulin molecules and the effect on glucose
oxidation was linearly proportional to the
amount of insulin bound, an observation which
supports assumption (2), used in the preceding
section for the calculation of dose-response
curves. The equilibrium (dissociation) constant
of the insulin-receptor complex was 5.0 x 101!
M. The controversy over hormone binding
versus hormone destruction has recently been
settled by FREYCHET (1972). He showed that
liver-cell membranes actually did destroy in-
sulin in vitro but that this destruction was not
linked with the binding of the hormone to the
receptor. The two processes, binding and de-
struction, were shown to be entirely independent.
Analogous results were reported for the binding
of ACTH to adrenal membranes (LEFKOWITZ,
1970) and for several other polypeptide hormones
(see short review in CUATRECASAS, 1971Db).
RODBELL (1971a) reported that 2°I-labeled
glucagon binds to isolated liver-plasma mem-
branes. Again the binding was reversible and the
biologic effect, namely the activation of the
membrane-bound enzyme adenyl cyclase was
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proportional to the amount of bound hormone.
Some unexpected observations were made,
however, in the glucagon-liver membrane system.
Firstly, under certain conditions, the response
of the target (the membrane-bound adenyl
cyclase) is not only a function of the surround-
ing hormone concentration. Rather, nucleotides,
in particular guanosine triphosphate (GTP),
greatly influence the response to a given hor-
mone concentration (RODBELL, 1971b, 1971c¢).
Secondly, the binding of labeled hormone is
not entirely reversible even by a 1000-fold
excess of unlabeled hormone and the dissocia-
tion of the hormone-receptor complex does
not obey simple first-order kinetics (RODBELL,
1971a). Both findings are contrary to con-
ventional theory about action of hormones.
Interesting compounds have been studied
which specifically inhibit the response of the
target organ to a number of hormones. Kinetic
analysis has shown that in many cases the in-
hibition is of the competitive type. In physico-
chemical terms this means that the inhibitor
binds to the hormone receptor, thereby blocking
attachment of the hormone. Competitive antag-
onists usually show some chemical similarity
to the corresponding hormone. Sometimes,
however, competitive antagonists may be struc-
turally quite different, which has led ARIENS
(1966) to conclude that they do not always
interact with the same chemical groups of the
receptors as the corresponding hormones but
attach themselves to some neighbouring groups
of the receptor at so-called accessory binding
sites with part of their molecule extending
into the region where the hormone should be
bound. Thus, steric hindrance will prevent
attachment of the hormone molecule. Spirono-
lactone, which displaces aldosterone from its
receptors, is a typical example of a competitive
hormone antagonist (SHARP, 1966). Clomiphene
and ethamoxytriphetol are hormones antagonis-
tic to estrogens (LERNER, 1964), and cyproteron
is an antagonist to androgens (NEUMANN, 1967).
A glucagon derivative lacking the amino-terminal
histidine has been found to act as a specific
glucagon antagonist (RODBELL, 1971d) and an
ACTH-analogue may act asan ACTH antagonist
(SEELIG, 1971). The antagonists mentioned so
far are pharmacological substances which do
not occur in nature. Naturally-occurring antag-
onists to insulin have been found in plasma
by various authors who claim they are the cause
of diabetes mellitus, but the significance of these
substances is still debated. For completeness
we must also mention here that immunological
antibodies can arise to peptide hormones given
by injection. Such antibodies can, for example,
neutralize the action of insulin and may very
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well explain the insulin resistance found in
some diabetics.

The chemical nature of receptors has been
studied mainly by indirect means. RODBELL
(1971 a, 1971 ¢) found that trypsin, phospholipase
A and digitonin destroyed the glucagon-binding
sites of liver membranes. He concluded that
glucagon receptors were lipoproteins and the
lipid and the protein moieties were both essential
for proper receptor function. By contrast, in-
sulin receptors in fat and liver cells seem resistant
to the action of phospholipase, which suggests
that they are chemically different compounds
(CUATRECASAS, 1971 A). The receptors for both
glucagon and insulin are firmly bound to
particulate cell matter, most probably to the
cell membrane. This has complicated the study
of their chemical nature, but recently CUATRE-
CASAS (1972) has succeeded in rendering insulin
receptors of fat and liver cells soluble simply
by treating the membranes with an non-ionic
detergent. The soluble receptor turned out to be
a protein, as had been predicted on the basis
of the more indirect studies. Lipids are probably
not an essential part in the function of this
receptor. The estimated molecular weight was
300000.

Proteins seem particularly suited to the task
of receptors since they are capable of binding
a great variety of substances ranging from
simple ions to large macromolecules. This prop-
erty of proteins was extensively analyzed by
SCATCHARD as early as 1949. Monop (1966)
discussed the possibility that hormones might
be allosteric ligands, and hormone receptors
allosteric proteins. Allosteric proteins are com-
posed of two or more peptide chains (subunits)
interconnected noncovalently by an incomplete
fit. This incomplete fit gives rise to strain or
tension in the folding of the protein chains.
If a small molecular ligand now binds to a
specific site of such a molecule, the strain will
change, e.g. by a different electron or charge
distribution, and the molecule will assume a
slightly different shape (conformation). This
change of shape is called an allosteric transition.
Since the transition involves the whole pro-
tein molecule, sites quite distant from the original
ligand-binding site may be affected, e.g. the
catalytic site of an enzyme (MoNoOD, 1965).
The concept that receptors are allosteric proteins
is appealing. Thus, allosteric proteins can receive
signals, transmit them along the protein-chain
and translate them into another signal. According
to SCHWARTZ (1966) these are exactly the
properties which are required of receptors.
Furthermore, allosteric proteins are also capable
of greatly amplifying signals (MoNoD, 1965)—
they act, so to speak, as molecular amplifiers
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and relay stations. BowNEss (1966) and GRa-
HAME-SMITH et al. (1967) were actually able to
demonstrate that adenyl cyclase, a possible
component of the receptor for several hormones,
functions as an amplifier for hormonal signals.
In spite of this evidence MoNoOD was reluctant
to support the view that hormone receptors,
especially in the case of steroid hormones, are
allosteric proteins. Our knowledge of the chemi-
cal nature of receptors is still so inadequate
that the question must remain unsettled, but
very recently BAXTER (1972) has provided good
evidence that the so-called cytoplasmic receptors
for glucocorticoid hormones are in fact allo-
steric proteins.

H. Events Following the Binding
of Hormones to Receptors

Well-defined biochemical effects for practically
every hormone have been described and quan-
titatively measured in a great variety of in-vivo
and in-vitro test systems using the corresponding
target organ. These well-known hormone effects
are, however, not necessarily the direct con-
sequence of the first step of hormone action,
the attachment to the receptor. Thus it is not
known, for example, which of the physicochemi-
cal events ultimately leading to acceleration of
glucose transport occur after binding of insulin
to the fat-cell membrane. The almost complete
chain of events linking binding at the receptor
site to the biochemically evident hormone effect
has so far only been established for the action
of glucagon and epinephrine on the breakdown
of liver glycogen (see cyclic AMP, below). For
most other hormones, virtually nothing is known
of the reaction after the receptor site has been
occupied, a step that has sometimes been referred
to as the primary action of a hormone. In view
of the facts now available on the glucagon-
adenyl cyclase-cyclic AMP system this term is
hardly appropriate, since this “primary action”
may in fact be a cascade of several chemical
events. Despite the gaps in our understanding
of the precise chemical actions of hormones a
classification according to their effects on
cellular processes will be presented below. Such
a classification will of course remain tentative
and will have to be modified as more facts
emerge.

1. Effects of Hormones on Membranes

Classically, membrane effects imply actions of
hormones upon the permeability of membranes
(usually the cell membrane) to small molecules
or upon transport mechanisms within such
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membranes. Certain hormones which activate
enzymes bound to the cell membrane (e.g.
adenyl cyclase) without necessarily influencing
permeability or transport mechanisms may also
be included at this point. Insulin can be con-
sidered as the prototype of a hormone which
acts on membrane properties. As was shown
by LEVINE (1955), the main action of this hor-
mone is to increase the transport of glucose
from the extracellular into the intracellular
fluid. This effect has been demonstrated in
both muscle and adipose tissue (PARK, 1959;
CROFFORD, 1965). In both tissues, glucose is
transported through the cell membrane by
means of a carrier (not yet identified) which is
thought to bind glucose on one side of the
membrane and release it into the cell on the
other side. The following properties are char-
acteristic of this type of carrier transport:
1. There is strict stereochemical specificity of
the carrier to the substrate. For example,
D-glucose is transported via the carrier mech-
anism whereas L-glucose is not. 2. Carrier
transport obeys saturation kinetics and by this
means differs from transport via simple dif-
fusion. 3. Carrier transport does not require
energy (so-called ““facilitated diffusion’”) unless
the substrate is transported against an energy
or concentration gradient, in which case the
carrier transport must be coupled to an energy-
producing process. In the latter case the term
“pump mechanism” has been applied. 4. Under
suitable experimental conditions, counter-trans-
port may be observed, i.e. the substrate is trans-
ported against a concentration gradient but
not against an energy gradient. In erythrocytes,
muscle and adipose tissue, glucose transport
fulfills these criteria (WILBRANDT, 1961 ; PARKS,
1959; CROFFORD, 1965). In the last two tissues
insulin appears to produce an increase in
“carrier places” or in the affinity of the carrier
for glucose (CROFFORD, 1965). For the sake
of completeness it must be mentioned here
that insulin has other effects which seem
to be independent of glucose transport. It affects
uptake of amino acids, lipolysis and protein
synthesis in several tissues.

Aldosterone increases the transport of sodium
ions from the tubular lumen across the renal
tubular cells. SHARP (1966), using the toad
bladder as an experimental model for the renal
tubule, showed that aldosterone promoted the
transport of sodium ions through the apical
cell membrane. This effect appears only with
a latent period of 45-120 min after the hormone
has been added. Aldosterone has no effect if
protein synthesis is blocked with puromycin
or if energy production is inhibited in the toad
bladder by the omission of substrate (glucose
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or pyruvate). The transport of sodium ions
which is induced by alosterone is thus coupled
with an energy-providing process, not an un-
expected finding since sodium ions are trans-
ported against a concentration gradient.

2. Cyclic AMP and the Concept of the Second
Messenger

Parathormone and vasopressin are two other hor-
mones which act upon transport mechanisms
within the kidney. The former inhibits phosphate
transport and the latter increases water per-
meability across the cells of the renal tubules.
It is likely that both hormones exert their
effect by increasing the conversion of adenosine
triphosphate (ATP) to 3',5'-adenylic acid (cyclic
AMP), a reaction catalyzed by the membrane-
bound enzyme adenyl cyclase. This fundamental
mode of hormone action was discovered by
SUTHERLAND in 1958 during studies on the
glycogenolysis induced by glucagon and epine-
phrine in liver tissue. At that time it was known
that glucose-1-phosphate was split off from
glycogen by an enzyme, phosphorylase, and
that this enzyme existed in the inactive b form

Glucagon
Epinephrine
GTP
Adenyl Cyclase =————— Adenyl Cyclase
(inactive) (active)

1

and the active a form. SUTHERLAND stimulated
glycogenolysis by incubating liver tissue in a
medium containing glucagon. From homo-
genates of this stimulated tissue he recovered
a heat-stable substance which was capable of
activating phosphorylase in homogenates of
untreated liver tissue. This small molecular
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Fig. 7. Formula of 3',5'-adenylic acid (cyclic AMP)

substance was isolated and rapidly identified
as 3',5-adenylic acid (cyclic adenosine mono-
phosphate, cyclic AMP). Fig. 7 shows the
structural formula of this interesting nucleotide.

Phosphodiesterase

ATP T®>cychc AMP———> AMP

Pyrophosphate

Protein Kinase

(1nactive)
Regulatory

Subunit

Phosphorylase Kinase
(inactive)

ON

T» Protein Kinase
® (active)

|

Phosphorylase Kinase

(active)
ATP — ADP
Phosphorylase b Phosphorylase a
(inactive) @ (active)
ATP ~ ADP

Glycogen —7—>Glucose—1—Phosphate
P @

Fig. 8. Cascade of events leading to the activation of glycogen breakdown by glucagon or epinephrine in the liver. Most
steps can now be exactly defined in physicochemical terms. 1. Binding of hormone to the receptor and activation of adenyl
cyclase. This process is still poorly understood. Guanosine triphosphate (GTP) interferes with this process in a complex
manner. 2. Formation of cyclic AMP from ATP. 2a. Enzymatic degradation of cyclic AMP. 3. Cyclic AMP binds to a
regulatory subunit of the protein kinase. This leads to dissociation of the regulatory subunit from the catalytic subunit,
the latter becoming active. 4. Phosphorylation of the inactive phosphorylase kinase. 5. Phosphorylation of the inactive
phosphorylase. 6. Removal of glucose-1-phosphate from glycogen by phosphorolysis. Abbreviations: ATP: Adenosine
triphosphate; ADP (AMP): Adenosine-di-(mono) phosphate; GTP: Guanosine triphosphate; Pi: Inorganic phosphate
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Cyclic AMP is produced from adenosine tri-
phosphate (ATP) through the enzyme adenyl
cyclase. Cyclic AMP in turn is degraded into
5-AMP by a specific enzyme termed phos-
phodiesterase. Phosphodiesterase is inhibited by
methyl xanthines, such as caffeine and theo-
phylline, a phenomenon which may explain
some of the pharmacological effects of these
substances. The exact mechanism by which
cyclic AMP finally leads to the activation of
the enzyme phosphorylase in muscle has been
unravelled quite recently. The first step consists
in the binding of cyclic AMP to a regulatory
subunit of an inactive enzyme, protein kinase.
This causes the dissociation of the regulatory
from the catalytic subunit of this enzyme, which
thereby becomes active (GiLL, 1971). The active
protein kinase phosphorylates (and thereby
activates) the phosphorylase kinase which in
turn activates phosphorylase (WALsH, 1971).
The complete sequence of events is shown in
Fig. 8, which shows that nearly every chemical
step, from the attachment of the hormone at
the receptor to the final hormonal effect,
glycogenolysis, can be exactly defined. The
only remaining uncertainty is how the binding
of the hormone will activate adenyl cyclase, a
question that seems particularly difficult to
solve because both receptors and adenyl cyclase
are firmly bound to the cell membrane and
have not been obtained in soluble form yet.
As will be discussed below, some authors have
postulated that adenyl cyclase and receptor are
identical.

In the few years since cyclic AMP was
discovered in the liver this nucleotide has also
been identified in many other tissues. The con-
centration of cyclic AMP in other tissues is
also under hormonal control. The list of hor-
mones whose actions may be transmitted through
cyclic AMP is now long (Table 1) and several
extensive reviews dealing with this subject have
already been published (SUTHERLAND, 1966;
RoBISON, 1968). Cyclic AMP appears to transmit
the actions of so many hormones that SUTHER-
LAND has called it a ‘“‘second messenger”.
According to SUTHERLAND’S concept, the hor-
mone in extracellular fluid represents the “first
messenger”’. The contact between hormone and
adenyl cyclase leads to activation of the latter
with the formation of cyclic AMP which
transmits the hormone effects intracellularly by
virtue of its activity as the second messenger.
Fig. 9 is a schematic representation of the
function of the second messenger. In this diagram
adenyl cyclase is identical to the hormone
receptor, an interpretation which may be an
oversimplification, but has received the follow-
ing indirect experimental support: 1. B-adrener-
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gic receptor-blocking agents inhibit the catechol-
amine activation of adenyl cyclase in different
tissues. The similarity between adenyl cyclase
and p-receptors is so striking that Rosison
(1967) has postulated that p-receptors are
identical to adenyl cyclase. 2. All hormones
whose effects are based on an increase of
cyclic AMP cause adenyl cyclase to be con-
verted from an inactive into an active form.
The de-novo synthesis of adenyl cyclase under
the influence of hormones (which would be
incompatible with a receptor function of this
enzyme) has been excluded experimentally.
Thyroxine may represent a possible exception
to this statement, since in adipose tissue it has
been reported to induce de-novo synthesis of
adenyl cyclase (KRISHNA, 1968), whereas in
myocardial tissue it appears to act like other
hormones by causing the activation of the
enzyme (LEVEY, 1969). 3. Adenyl cyclase appears
to be firmly bound to membrane structures,
probably the cell membrane, in all tissues in-
vestigated so far. In fact, an active hormone-
sensitive enzyme has not yet been obtained in
soluble form.

Catecol-
amines

N
N A

£ -Blocking

ACTH agents

w\ \
(N e Ny
—

Glucagon

Ky

|
VRN

Cyclic
AMP

L Cytosol )
. ),

Fig. 9. Adipose-tissue cell with three different regulatory
subunits that serve as hormone-specific receptors. There
is a single catalytic subunit pointing toward the interior
of the cell. Hormones or antagonists bind to the regulatory
subunits. This simplified representation is based largely on
experiments of BIRNBAUMER (1969). The exact mode whereby
the binding of the hormone activates the catalytic subunit
is still poorly understood.

One of the fundamentals of endocrine control
is that each hormone exerts a specific action
on a particular tissue. The numerous hormones
listed in Table 1 which activate adenyl cyclase,
and the large number of actions which are
initiated by cyclic AMP appear to contradict
this concept of hormone specificity. In other
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Table 1. Survey of hormones whose action presumably involves 3,5-adenylic acid (cyclic adenosine monophosphate) as
“second messenger”’

Hormone Organ Level Enzymes or chemical steps, End effect
or of influenced by cyclic AMP
tissue cyclic
AMP
Catechol- Liver + Glycogen-Synthetase - Glycogen synthesis -
amines Phosphorylase + Glycogenolysis +
Pyruvate — Phosphoenolpyruvate + Gluconeogenesis +
Adipose tissue + Triglyceride-Lipase + Lipolysis +
Myocardium + Phosphorylase + Glycogenolysis +
unknown Inotropism +
Skeletal muscle + Phosphorylase + Glycogenolysis +
Glucagon Liver +
Adipose tissue + As for catecholamines As for catecholamines
Myocardium +
Pancreas (B-cell) (+) Unknown Insulin-Release
Insulin Adipose tissue?® - Triglyceride lipase - Lipolysis -
Skeletal muscle b Phosphorylase - Glycogenolysis -
Glycogensynthetase + Glycogen synthesis +
Liver® - Glycogensynthetase + Glycogen synthesis +
Phosphorylase - Glycogenolysis -
Pyruvate - Phosphoenolpyruvate — Gluconeogenesis -
ACTH Adrenal cortex + Cholesterol — Pregnenolone + Glucocorticoid synthesis  +
Adipose tissue + Triglyceride lipase + Lipolysis +
TSH Thyroid gland + Phosphorylase + Glycogenolysis +
Unknown Uptake and organifica-
tion of iodine, hormone
release +
Adipose tissue + Triglyceride lipase + Lipolysis +
LH (ICSH) Corpus luteum + Cholesterol — Pregnenolone + Progesterone synthesis +
Testis (+) Cholesterol — Pregnenolone + Testosterone synthesis +
MSH Frog skin + Unknown Melanophoredispersion  +
Vasopressin Kidney + Unknown Tubular water
reabsorption +
Parathormone Kidney + Unknown Tubular reabsorption
of phosphate -
Bone + Unknown Resorption of bone +
Thyroxine Adipose tissue +° Neoformation of Adenyl cyclase Sensitivity to catechol-
amines
Myocardium + As for catecholamines As for catecholamines

Key: + increase; — decrease; (?) probable increase, but not proven directly; ? unknown type of action.

 Action of insulin on adipose tissue and liver is only definitely measurable when adenyl cyclase is previously activated,

e.g. by glucagon.

® Action of insulin on the level of cyclic AMP in skeletal muscle is controversial.

¢ In contrast to all other hormones, thyroxine does not seem to lead to activation of adenyl cyclase but rather to a neo-
formation of this enzyme (see text) in adipose tissue.

References can be found in the reviews by E. W. SUTHERLAND (1966) and G. A. RoOBISON (1968).



14

words, if all tissues were to possess an identical
adenyl cyclase then catecholamines, glucagon,
ACTH and several other hormones would have
exactly the same effects upon them. This, of
course, is not so. ROBISON and co-workers (1967)
have therefore suggested that adenyl cyclase
consists of at least two subunits, one being
regulatory and varying from tissue to tissue
and the other being catalytic and possibly
identical in all tissues. The regulatory subunit
would function as the true receptor which
binds only with the specific hormone, thereby
activating the catalytic subunit. This inter-
pretation is supported by several different ex-
perimental results. For example, ACTH, gluca-
gon and catecholamines promote lipolysis in
adipose tissue through the activation of adenyl
cyclase. The action of catecholamines, but not
that of ACTH and glucagon can be inhibited
through B-receptor blocking agents. This indi-
cates at least two different regulatory subunits
(receptors) of adenyl cyclase. Furthermore, data
published by BALLY (1968) suggest that there
are probably two separate receptors for ACTH
and glucagon. According to this concept,adipose
tissue adenyl cyclase would therefore have a
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specific receptor for each of the three hormones
considered. as is shown in Fig. 9.

Cyclic AMP has not been accepted without
reservations as the almost universal second
messenger of hormones and some questions
remain unsolved. For example, it is disturbing
that the concentration of cyclic AMP is many
times higher even without hormonal stimulation
in adipose tissue and in the liver than is necessary
for full activation of the triglyceride lipase and
phosphorylase in tissue homogenates. In order
to explain this discrepancy, it has been postulated
that the major part of cyclic AMP is compart-
mentalized within the cell segregated from the
protein kinase. This speculation awaits ex-
perimental verification. Anotherstillunexplained
observation has been made in studies on the
effect of insulin on glycogen synthetase of
muscle. As in liver and adipose tissue insulin
stimulates this enzyme; however, in muscle
insulin produces a rise in cyclic AMP instead
of the expected fall (GOLDBERG, 1967). Never-
theless, despite the objections that may be
raised, the concept of the second messenger
must be considered an important contribution
to our understanding of the action of hormones.
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Fig. 10. Schematic representation of protein synthesis in a cell. Abbreviations: DNA : deoxyribonucleic acid ; tRNA : transfer
ribonucleic acid; rRNA: ribosomal ribonucleic acids; mRNA: messenger ribonucleic acid; ATP: adenosine triphosphate



Events Following the Binding of Hormones to Receptors
3. Effects of Hormones on Protein Synthesis

CLEVER (1960) described that ecdyson, an insect
hormone, led to swelling, so called ‘“puff”
formation, at specific locations on the giant
chromosomes of the midge Chironomus tentans.
In the larvae of these insects ecdyson induces
enzymes that alter cuticular proteins and produce
pupation. Since it was already known from
other studies that chromosome ‘‘puffs” cor-
responded to active genes, CLEVER came to the
exciting conclusion that ecdyson exerted its
effect directly on the cell nucleus, where it
activated a specific gene and thereby caused
the induction of an enzyme protein. Since this
discovery, the actions of many hormones on
protein synthesis have been intensively in-
vestigated, an area of research that TATA (1968)
and KORNER (1970) have briefly reviewed. For
the understanding of the actions of hormones
upon protein synthesis we shall first summarize
the biochemical steps needed for building pro-
teins (Fig. 10). Most of the knowledge in this
field has been gained within the last 20 years
from work on bacteria. However, the results
can also be applied to mammalian cells with
few modifications. We shall limit the discussion
to those steps in protein synthesis which are
essential for the understanding of the actions
of hormones. For more detailed descriptions
the reader is referred to standard biochemistry
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textbooks. The information for the production
of all proteins required is stored in the form
of genes within chromosomes in the nucleus
of every cell. Chemically, genes are long strands
of deoxyribonucleic acids (DNA) which contain
the information for protein synthesis in the
form of a variable sequence of four bases,
adenine, thymine, cystosine and guanine. If a
particular protein is to be produced, a negative
copy with a complementary base sequence is
first obtained from the DNA of the corresponding
gene in the form of a strand of ribonucleic
acid (messenger RNA = mRNA). This process
is called transcription. mRNA migrates from
the nucleus into the cytoplasm and comes into
contact with the ribosomes. The ribosomes are
small particles which move along the strands
of mRNA and read the sequence of bases and
put together the correct amino acids to form
a peptide chain. In this process, the base se-
quence is translated into an amino-acid sequence
(translation) according to the specific genetic
code. Ribosomes themselves consist partly of
ribonucleic acids, so-called rRNA. A specific
transport RNA (tRNA), a third type of ribo-
nucleic acid, combines with each of the 20
individual amino acids in the cytoplasm and
facilitates their contact with and recognition by
the ribosomes. rRNA and tRNA are both
produced in the nucleus through transcription
from DNA. It is easy to imagine from Fig. 10
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Fig. 11. Schematic representation of the mode of action of corticosteroid hormones. The stages are: 1. The steroid hormone
penetrates into the cell. 2. In the cell cytoplasm it binds reversibly to the binding site (a) of a soluble receptor protein. Thereby
it induces a slight change in shape of this molecule, notably in the region (b). 3. The hormone-receptor complex travels to
the nucleus, and thanks to the slight alteration the region (b) fits on to nuclear DNA. 4. The binding of the complex to DNA
causes the transcription of messenger RNA. 5. This ultimately leads to the production of a new protein, e.g. the enzyme
tyrosine aminotransferase, on the ribosomes. This simplified representation is based on results by BAXTER et al. (1972).
Similar mechanisms of action have been described for many other steroid hormones
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that hormones may theoretically control dif-
ferent steps of protein synthesis, e.g. transcrip-
tion from DNA into mRNA, rRNA and tRNA,
or translation of mRNA into protein, not to
mention the uptake of amino acids from the
extracellular fluid.

So far, effects on protein synthesis have
only been seen when intact cells (in vivo or in
vitro) have been exposed to a hormone. Cell-
free protein-synthesizing systems do not seem
to be hormone-sensitive. For this reason there
has been difficulty in identifying the exact
mechanism of hormonal effects on protein
synthesis. Nevertheless, experiments performed
with chemical inhibitors of specific steps of
protein biosynthesis have provided indirect
evidence of the site of action. The most important
conclusion to be drawn from the available data
is that the mode and site of action may vary
from one hormone to another, as will be seen
from the following discussion and the summary
in Table 2.

KORNER (1965) noted that growth hormone
injections into rats produced an increase in
protein synthesis in the liver. The hormone effect
was demonstrable in cell-free liver homogenates,
provided the hormone had been injected into
the rats in vivo. Comparison of the activity
of ribosomes from treated and untreated animals
suggested that growth hormone primarily in-
creased the concentration of mRNA in the
cytoplasm. Since actinomycin D (an antibiotic
which inhibits transcription of DNA in the
nucleus) prevented the action of growth hor-
mone, KORNER concluded that growth hormone
promoted mRNA synthesis, i.e. transcription.
It is probable that growth hormone also causes
increased synthesis of rRNA. HAMILTON (1968)
studied the action of a single injection of estra-
diol on protein synthesis in the uterus of
ovarectomized rats. The results are summarized
in Fig. 12. It can be seen that estradiol produces
maximal stimulation of RNA synthesis in the
nucleus within a few minutes. An increase in
ribosomes and newly formed proteins could
only be demonstrated after several hours. Analo-
gous effects with slightly different timing are
produced by testosterone on the prostate and
seminal vesicles, and by corticosteroids and
triiodothyronine on the liver (see TATA’s review,
1968). Matters are rather more complicated in
the case of trilodothyronine than in that of
the other hormones mentioned, since triiodo-
thyronine causes stimulation of protein syn-
thesis very rapidly, before RNA synthesis is
increased. This effect is dependent upon the
presence of mitochondria, for if mitochondria
are absent in vitro, this early effect is not
observed (SOKOLOF, 1968). The early triiodo-
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thyronine effect is probably related to the
stimulation of mitochondrial respiration. Only
in a later phase does trilodothyronine stimulate
mRNA and ribosomal protein synthesis in-
dependently of mitochondria.
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Fig. 12. Effect of a single injection of estradiol on protein
synthesis in the uterus of ovarectomized rats. Tritium-
labeled uridine was injected at the same time as estradiol
@ — @ specific activity of RNA in the nucleus; i — I activ-
ity of RNA polymerase; O —(Q ribosome concentration
in the cytoplasm; (0 — [ total tissue protein (per mg DNA).
Abbreviations as in Fig. 10. (Simplified from T. H. HAmiL-
TON, 1968)

In summary, growth hormone, estradiol,
testosterone, glucocorticoids and thyroid hor-
mone (with the exception of the “early” effect
of the last) can be said to control protein
synthesis at the stage of transcription. This inter-
pretation also appears to be valid when the
hormone does not stimulate but rather inhibits
protein synthesis as in the action of cortisol in
lymphocytes (MAKMANN, 1967).

Insulin enhances protein synthesis in muscle.
This effect is independent of the well-known
stimulation of glucose transport across the cell
membrane. Insulin appears to increase RNA
synthesis by stimulating transcription. However,
it can also stimulate protein synthesis even
when RNA synthesis is fully blocked with
antibiotics. WooL (1966) therefore concluded
that insulin may also enhance protein synthesis
at the ribosomal stage (translation). Subsequent
experiments by A. G. SCHWARTZ and AMOs
(1968) have confirmed the action of insulin on
ribosomes and have demonstrated that ribosomes
from fibroblasts cultured in a medium con-
taining insulin synthesize more protein than
ribosomes from fibroblasts cultured without
insulin. In cell cultures of liver tumors cortisol
does not stimulate global protein synthesis.
Rather it causes a specific enzyme (tyrosine
transaminase) to be synthesized. THOMPSON’s
(1966) experiments have suggested that in this
instance cortisol acts at the stage of translation
rather than that of transcription. However, in
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a different liver tumor-cell line the gluco-
corticoid effect has recently been located to
transcription again (BARNETT, 1971). Moreover,
cyclic AMP has been found to have a permissive
effect on the enzyme induction (SaHIB, 1971).

Other hormonal effects on protein synthesis
are summarized in Table 2. In general, the
available evidence points to the fact that endo-
crine control of protein synthesis is not exerted
at one metabolic step identical for all hormones.
The site of action seems to vary from hormone to
hormone and from tissue to tissue. Several
hormones, e.g. insulin and cortisol, appear to
act at several steps of protein synthesis. It has
been said that all gonadal and adrenal steroid
hormones act on the transcription of DNA into
RNA in the cell nucleus. Table 2 confirms this
impression, but it is wise to remember KARLSON’s
warning (1961) against simplifying generaliza-
tions in this field.

The exact molecular or chemical mode of
action of hormones on the cell nucleus and on
ribosomes remains unsolved. The opinion has
been expressed that hormone receptors in the
cell nucleus are identical with so-called gene
repressors. These are proteins which combine
reversibly with DNA strands and prevent tran-
scription (BRETSCHER, 1968). Repressors can
combine with derepressors at a second binding
site. Attachment of the derepressor slightly
distorts the shape of the repressor molecule
which thereby loses its affinity for DNA. The
repressor then dissociates from DNA which is
cleared for transcription. Recent evidence sug-
gests that a sequence of events roughly resem-
bling the one postulated in this hypothesis
actually takes place in the case of steroid hor-
mones. The mechanism suggested by BAXTER
(1972) has been outlined in more detail on
p. 8 and in Fig. 11.

Many of the biochemical observations dis-
cussed above may be disappointing to both
clinicians and physiologists, partly because they
deviate widely from known clinical hormone
actions and partly because they appear to
contradict the concept of specificity of hormone
action. For example, the observation that
cortisol increases global protein synthesis instead
of exerting its expected catabolic effect upon the
liver is disturbing. On the other hand, it must
be appreciated that the results of biochemical
experiments are reasonably consistent with
clinical and physiological observations in the
case of the effects of testosterone on the prostate,
estradiol on the uterus, and possibly growth
hormone upon the liver, and agreement is
excellent in the effects of cortisol on hepatoma
cells in tissue culture and of prolactin on
mammary tissue in organ culture. In both cases
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the synthesis of a single specific enzymic protein
is induced without stimulation of global protein
synthesis, and the enzyme induced explains
some of the clinical effects of the hormone
(Table 2).

4. Direct Effects of Hormones on Enzyme
Activities

We shall discuss here the ability of hormones
to activate or inactivate enzymes without the
formation of new enzyme protein. It is important
to appreciate that this process is separate from
the induction of enzyme synthesis (e.g. of
tyrosine transaminase under the influence of
cortisol which necessitates synthesis of new
enzyme protein and which has been discussed
in the previous section).

A classic example of an enzyme whose
activity can be increased or inhibited by different
hormones is that of adenyl cyclase (see section
on cyclic AMP). Despite concerted efforts to
reveal other enzymes which serve as hormone
receptors, few analogous hormone-enzyme inter-
actions have been described to which one can
attribute physiological significance. The earlier
hypothesis that the action of insulin on glucose
metabolism may be due to activation of hexo-
kinase is no longer generally accepted. TOMKINS
(1963) has surveyed the action of steroids on
isolated enzymes and has distinguished two
mechanisms of interaction. In one case the
hormone acts as a co-factor on enzymatic
reactions. The transhydrogenase function of
estradiol may serve as an example. In the second
case the steroid hormone can influence the
activity of an enzyme by reversibly altering the
enzyme's tertiary and quaternary structure.
Glutamate dehydrogenase and pyruvate kinase
are examples of two enzymes controlled by
steroids in this way. Thyroxine leads to dissocia-
tion of glutamate dehydrogenase into subunits
(WOLFF, 1962) and to inactivation of alcohol
dehydrogenase (MCCARTHY, 1968), the latter
probably through an allosteric effect. It is
difficult to attribute physiological significance
to these actions of steroid and thyroid hormones.
The phenomena described above may well be
test-tube effects unrelated to the physiological
function of the hormones in the intact cells.
The actions of thyroxine and triiodothyronine
on the metabolism of mitochondria must be
discussed in this context. In this case the thyroid
hormones are assumed to influence oxygen con-
sumption and oxidative phosphorylation in a
complex multi-enzyme system involved in elec-
tron transport. For detailed discussion of these
processes the reader is referred to reviews
compiled by HocH (1962) and TAPLEY (1967).
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Table 2. Hormones which presumably act on protein synthesis, or which are dependent on protein synthesis for their action

Hormone Organ Effect of hormone on Presumed site References
or tissue of action
Tran- Trans-
scription lation
Cortisol Liver Incorporation of phosphate into + W. D. Wicks (1965)
tRNA in vivo
Liver Incorporation of phosphate into + D. L. GREENMAN (1965)
rRNA in vivo
Liver tumor Synthesis of tyrosine transaminase + E. B. THOMPSON (1965)
in cell cultures
Liver tumor Synthesis of phosphoenolpyruvate  + C. A. BARNETT (1971)
carboxykinase and tyrosine trans- M. K. SauiB (1971)
aminase in cell cultures
Lymphocytes Incorporation of amino acids into  — A. PENA (1966)
microsomal protein in vivo and in M. H. MAKMAN (1968)
vitro. Complex mode of action,
partly involving transport into the
cells of amino acids
Testosterone Prostate Activity of mRNA in nucleus and  + S. L1ao (1965)
ribosomes after hormone injection
in vivo
Seminal vesicle Incorporation of phosphate into + W. D. Wicks (1965)
tRNA in vivo
Seminal vesicle Incorporation of phosphate into + D. L. GREENMAN (1965)
rRNA in vivo
Estradiol Oviduct (chick) Activity of RNA-polymerase, + B. W. O’'MALLEY (1969,
(and other estrogens) synthesis of mRNA coding 1972)
for ovalbumin
Uterus Incorporation of uridine into + T. H. HAMILTON (1965)
nuclear DNA in vivo
Uterus Synthesis of *induced protein™ + B. S. KATZENELLENBOGEN
(1972)
E. E. BAuLIEU (1972)
Progesterone Oviduct (chick) Activity of RNA-polymerase, + B. W. O’MALLEY (1969,
synthesis of avidin 1972)
Aldosterone Toad bladder Hormone effect on Na* transport + 1. S. EDELMAN (1963)
in vitro dependent upon RNA
synthesis
Insulin Muscle Incorporation of adenine into + 1. G. WooL (1963)
(The main action of RNA in vitro
this hormone is to Muscle Protein synthesis by ribosomes in + L. G. WooL (1966)
promote glucose a cell-free system (hormone
transport into cells) administered in vivo)
Liver tumor Synthesis of tyrosine transaminase + T. D. GELEHRTER (1970)
in cell culture (presence of gluco-
corticoid required)
Fibroblasts Protein synthesis in a cell-free sys- +? A. G. SCHWARTZ (1968)
tem by ribosomes derived from
fibroblasts cultured in the presence
of insulin
Growth hormone Liver Protein synthesis in a cell-free sys-  + A. KORNER (1965)
tem (hormone administered in vivo)
Prolactin Mammary Synthesis of lactose synthetase in + R. W. TURKINGTON
gland organ culture (1968a)
Mammary Synthesis of casein in organ + R. W. TURKINGTON

gland

culture

(1968 b)
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Table 2 (continued)
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Hormone Organ Effect of hormone on Presumed site References
or tissue of action
Tran- Trans-
scription lation
Thyrotropic Thyroid gland  Incorporation of adenine into + D. J. BEGG (1965)
hormone RNA by isolated cell nuclei in vitro
Thyroid gland  Incorporation of adenine into + R. HaLL (1968)
RNA by tissue slices in vitro. Effect
possibly secondary to an enhance-
ment of carbohydrate metabolism
Triiodothyronine Liver Incorporation of uridine into + J. R. TaTa (1968)
nuclear RNA and activity of RNA
polymerase in vivo
Liver Protein synthesis in a cell-free sys- + L. SokoLOFF (1968)
tem (hormone administered in
vivo). Effect partly dependent on
the presence of mitochondria.
Key: + stimulation; — inhibition. There is no claim that the table is complete.

5. Effects of Hormones on Cellular Differentiation

It has long been known that certain hormones
exert impressive effects on the differentiation
of cells and organs. The study of organ differ-
entiation has moved a long way in the past ten
years from the classic morphologic description
of embryogenesis to a biochemical understanding
of the processes involved. The differentiation
of a cell depends ultimately on the type and
amount of enzymes it contains. The enzymes
and structural proteins present in a cell will
determine largely what metabolic functions the
cell can perform, what substances it will take
up, metabolize, store or secrete, and also what
shape the cell will assume. Every nucleated cell
of a given organism contains the identical full
set of genes and is theoretically capable of
synthesizing all the enzymes or proteins that
any other cell in the same body produces. Cell
differentiation therefore depends entirely on the
fact that only some of the possible proteins are
synthesized, while the expression of other genes
is inhibited. It was therefore a safe prediction
that differentiation could only be controlled
by modulation of the expression of genes.
This prediction has now been largely con-
firmed by experiments in two interesting model
systems, differentiation of the oviduct of im-
mature chicks and metamorphosis of anurae.
The former system has been extensively studied
by O’MALLEY (1969). He found that the oviduct of
immature chicks, which is lined with a flat un-
differentiated epithelium, rapidly differentiates

and starts to produce the protein ovalbumin
when estrogenic hormones are injected. When
progesterone is given after several days of
estrogen treatment another very specific protein,
avidin, is synthesized. The following facts,
among others, suggest that hormones exert
their control at the transcription stage (see
Fig. 10): 1. The enzyme DNA-dependent RNA
polymerase, which is necessary for transcrip-
tion, is present in much larger quantities in
the nuclei of estrogen-treated animals than in
those of nontreated animals. 2. Estrogen treat-
ment leads to the synthesis of large amounts of
novel RNA which is not present in the untreated
oviduct (probably mRNA). 3. Actinomycin D,
a drug which selectively inhibits the process of
transcription, abolishes hormonal effects on
differentiation. The fact that estrogens also
cause an increase in the amount of available
tRNA (see Fig. 10) points to an additional
control of differentiation at the stage of transla-
tion.

Biochemical studies on anuran metamor-
phosis have shown. that the morphological
changes are accompanied by numerous changes
in the enzyme patterns of many organs (FRIEDEN,
1967). CoHen (1970) and GriswoLD (1972)
have focused their attention on the appearance
of enzymes necessary for the production of
urea. These enzymes are lacking in the tadpole,
which excretes ammonia, but are present in
the frog, which excretes urea. The level of some
of these enzymes, e.g. carbamyl phosphate
synthetase, increases 30-fold during metamor-
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phosis. Injection of thyroxine greatly accelerates
this change of enzyme. It has been clearly
demonstrated that thyroxine does not produce
activation of an enzyme protein already present
but rather induces the production of new enzyme
protein. As in the case of estrogen action in the
chick oviduct, thyroxine produced a manifold
riss in the enzyme DNA-dependent RNA
polymerase. Thus the hormone affected tran-
scription, but again additional points of control
were identified at the stage of translation
(CoHeN, 1970).

In summary, all available data suggest that
hormonal effects on differentiation must be
considered in the more general context of the
hormonal control of protein synthesis, which
has been dealt with in the previous section.
Many questions still remain unsolved in this
field. For example the attentive reader will
immediately point out that in the system
mentioned above the chick oviduct must have
undergone some differentiation before it was
exposed to estrogen, since it appears to be one
of the few tissues that responds to estrogens,
while many other primitive epithelia, e.g. in
the gut, do not change upon estrogen treatment.

I. Hormones as Components of
Physiological Control Systems *

The previous sections have shown that endocrine
systems are involved in the transfer of informa-
tion by means of chemical signals with the
ultimate goal of controlling biological processes.
It is therefore possible to analyze endocrine
processes with the aid of the theory of control
systems.

In order to get acquainted with a simple
control system we shall first analyze the problem
of blood-sugar regulation in eviscerated rats.
These rats lack both the hormones necessary for
the control of the blood sugar (insulin, glucagon,
adrenaline) and the organs supplying glucose
(liver, kidneys, intestines). Since various tissues
are in constant need of glucose, we must keep the
rats alive by supplying them with external
glucose in the form of an infusion. This is
presented schematically in Fig. 13. We first
select an infusion rate i which is equal to the
consumption rate of glucose ¢, and the blood
sugar level will remain constant. If we now
double the infusion rate the blood sugar will
rise. If the consumption rate c remained constant,

the blood sugar would slowly rise to an infinite

value. In actual fact however, after a certain

* I am grateful to Dr. ROLF ARNDT, Zurich, for his help
in preparing this section.
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Glucose- Blood Adipose tissue
Infusion glucose |~ Iﬁ/lqscle
rain etc.

Fig. 13. Schematic representation of blood sugar control
in an eviscerated rat infused with glucose

time the blood sugar adjusts itself to a new
constant level (SoskiN, 1937), because the rise
in the blood-sugar level accelerates the reversible
reaction

Glucose

+ Glucose- intra-
emb 2 carrier — cellular
membrane complex glucose
carrier

from left to right, causing more glucose to be
removed from the blood by the tissues. This
simple control mechanism is due entirely to
the law of mass action and is therefore named
passive control. It can assure only incomplete
homeostasis. To compensate for gross disturb-
ances in a system, more sophisticated, active
control mechanisms must be provided. These
take the form of so-called feedback loops, which
are of equal importance in electrical engineering
and in the physiology of all living beings,
including unicellular organisms. Fig. 14 shows

Hdlst
Comparator Summation
R D E Endocnine | Hgecr. element
— gtand S
Energy
H

Fig. 14. Hypothetical endocrine system with negative
feedback. The arrows indicate the direction of the signal
flow. The symbols are explained in the text

a greatly simplified endocrine system with feed-
back control. Like all subsequent examples of
physiological control systems, it is purely hypo-
thetical and represents a simplification of the
true conditions. This will apply in particular
to the transfer functions that we shall assume
to be linear, which is, however, only exceptionally
true of physiological systems. The following
symbols apply to Fig. 14:

H,.., = hormone secretion rate;

Hy,, = external disturbance of system e.g. in-

jection of exogenous hormone;
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[H] = feedback signal, in this case hormone
concentration which is a simple function
Of Hsecr + Hdist;
R = reference input;
E = error signal.

We now apply the transfer functions of Fig. 15
to the control system of Fig. 14. The transfer
function on the left indicates that simple sub-
traction of the feedback signal [H] from the
reference value R occurs at the comparator.
The resulting signal E is converted into hormone
secretion in the endocrine gland according to
the transfer function on the right. Thus we have
built a simple system with negative feedback
and the hormone level in the blood will become
stabilized at the reference value. Most endocrine
systems are of course more complicated. In the
control of the thyroid gland the error signal E
acts on pituitary thyrotropin release. The latter
process, however, is also under hypothalamic
control by thyrotropin releasing hormone. We

E=R-[H]

secr
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therefore have an additional transfer func-
tion in this system. Such complex systems
retain negative feedback characteristics, provid-
ed the error signal abolishes or diminishes the
effect of an external disturbance. Physiological
feedback systems often function without ap-
parent comparator elements and without ref-
erence values. We can cite the control of blood
sugar by insulin as an example symbolized by
the simple feedback loop of Fig. 16a. Despite
the fact that comparator and reference values
appear to be absent, the system possesses a
functioning negative feedback. The desired
blood levels of sugar and insulin are not deter-
mined by a reference input fed in from an
external source, but derived from the equilibrium
point of the entire system. This point corresponds
to the point of intersection of the transfer function
curves presented in a single diagram (Fig. 16b).
In this example, the reference input is im-
plicitly contained in the transfer functions.

Hseer = ¢ E

E

Fig. 15. Transfer functions of the system in Fig. 14. Left, transfer function of the comparator, and right, transfer function
of the endocrine gland. a = constant. Meaning of remaining symbols as in Fig. 14

Pancreas

Insulin

Insulin

Blood sugar

Point of equilibrium

Insulin £U/ml

20f----zz=

Blood sugar
Blood |
sugar
9 3\ -
b4
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D
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a

mg %
Blood sugar

b

Fig. 16a and b. Control of blood-sugar level by insulin. a Diagram of a simple system with negative feedback. The transfer
functions are indicated in the elements of the system. b Transfer functions of Fig. 16a drawn into a single system of
coordinates. The point of intersection of the transfer functions gives the point of equilibrium of the control system. It corre-

sponds to and replaces the reference value
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Displacement of one transfer function also
results in a change of the set-point of the
system.

External energy must be supplied to any
control system at least at one point of the
feedback loop (see Fig. 14). This energy is
required to amplify signals passing through the
loop at one or several sites. Without this am-
plification of signals the feedback would be
inoperative and the system would react to a
disturbance like a system with passive control.
To illustrate this statement we shall return to
the example of blood-sugar regulation by insulin
(Fig. 16), and disturb the system by infusing
glucose. The blood-sugar level will change as
shown in Fig. 17, where the following symbols
are used:

ABS = theoretic elevation of blood sugar in
the absence of feedback, e.g. following
interruption of the feedback loop.

Abs = actual elevation of blood sugar in the
presence of functioning feedback, so-
called residual disturbance.

. Abs

The ratio BS

good measure of the efficiency of a control

system, since it indicates to what degree an
external disturbance is compensated for by the
feedback. The following relation is then valid:

Abs

BS

— 1 %
T 144

signal amplification during passage
through the whole loop;
= homeostatic index.

If A = 0, then the minification is 1. Any
disturbance is therefore able to exert its full
effect and the system behaves like a passive
system without feedback.

If A = oo, the minification is 0, and a
disturbance is completely compensated for in
the control system.

All the feedback systems mentioned so far
have a negative feedback, i.e. the error signal
works the opposite way to an external disturb-
ance and diminishes its effects. For the sake
of completeness, it must be mentioned here that
systems with positive feedback are known to
occur in electrical engineering as well as in
physiology. They can be defined as unstable
systems, since an external disturbance is ampli-
fied by the feedback and in theory grows
infinitely. Infinite amplification of the disturb-
ance is of course limited in fact by the amount

is called minification. It is a

Minification

where A =

* Refer to textbooks on control theory for the derivation
of this formula.
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of energy supplied externally and by other
physiological factors of the system.

Systems with negative feedback can also
become unstable when they begin to oscillate
under certain conditions. Usually such oscilla-
tions are quickly attenuated, as is indicated for
the blood-sugar curve shown in Fig. 17. Such

nN
[ ]
(=]

—
o
o

mg % Blood sugar

% Glucose -Infusion

0

Time

Fig. 17. Behavior of the blood-sugar level during an infusion
of glucose, in the system shown in Fig. 16. The full line
shows the behavior with functioning feedback, the dashed
line shows the behavior with interrupted feedback, e.g.
due to pancreatectomy. In the latter case the system reacts
like one with passive control. See text for meaning of
symbols

.oscillations are due mainly to the inertia or
time delay of a system. This delay is defined
as the time needed for a signal to pass along
the whole of the feedback loop. Returning to
Fig. 14, we now postulate that in the endocrine
gland the error signal E is converted into
hormone release only after a delay of ¢ seconds,
because hormone biosynthesis requires a certain
finite time. Hormone concentration [H] will
now always lag behind the error signal E by ¢
seconds, as can be seen in Fig. 18 (two lower
curves). Since the comparator element still
executes the operation E = R — (H) [or R =
E + (H)], the system can start oscillating as
shown in Fig. 18, where E and [H] show a phase
difference of 180°. The mathematical operation
E + [H] performed by the comparator always
gives the required reference value R at any
given time. In spite of the constant reference
input our endocrine system now oscillates due
to the postulated inertia of the endocrine cell *.
Such oscillations arise in various physiological
systems and even in unicellular organisms and
in cell-free extracts. The phenomenon may be
of importance in endocrinology since it may
explain the female menstrual cycle. Although
it is generally assumed that the periodicity of
menstruation is controlled through a “clock”
mechanism of the central nervous system,
MiLHORN (1966) put forward the idea that
the menstrual cycle is the result of slow oscilla-
tions of a feedback system. ODELL’S (1968)

* A more detailed analysis of conditions leading to oscilla-
tions of a system can be found in J. H. MiLsum (1966).
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Fig. 18. Oscillations in the control system shown in Fig. 14.
It has been postulated that the error signal E is converted
into hormone secretion in the endocrine gland only after
a latent period of  seconds. Thus, hormone release always
lags behind the error signal E by ¢ seconds, as can be seen
in the two lower curves. The comparator executes the
operation E = R — [H] (or R = E + [H]), which gives
the required constant reference input for any chosen time
(upper curve). Meaning of symbols as in Fig. 14

experiments provide a good argument for this.
He demonstrated that the periodicity of gonado-
tropin secretion disappears completely in cas-
trated women. This may be taken to indicate
that there is no central “clock” mechanism.
Loss of the ovaries corresponds to interruption
of the feedback loop. If the loop was artificially
closed by administration of estradiol and pro-
gesterone in ODELL’S experiments periodic release
of gonadotropins recurred, indicating that the
system had begun to oscillate again.

A number of endocrine control systems
have now been mathematically analyzed and
the corresponding model systems have been
designed. The model of YATES (1968) for ACTH
and corticosteroid secretion, which contains
several feedback loops, has been tested in an
analog computer and its performance so far
has shown very good agreement to the phys-
iologic system. Models of the control of ovula-
tion in women (N. B. ScHwARTZ, 1969) and
in rats (VAN DE WIELE, 1970) have also been
published. It may be argued that these models
are of no great practical value except for the
amusement of the investigator. However N. B.
SCHWARTZ (1969) has correctly pointed out
that the mathematical formulation of the pro-
cesses of endocrine feedback control has forced
experimental endocrinologists to treat their
data on a more exact and rational basis, instead
of adopting the old semiquantitative and intuitive
approach. The models have also helped in the
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planning of specific experiments to test assump-
tions made in the course of the model building.
Although endocrine feedback model systems
have so far had few consequences for the field
of clinical endocrinology, any clinician looking
at the models mentioned above will concede
that endocrine feedback control is vastly more
complicated than is usually thought. There is
no doubt that the knowledge gained by these
models will one day influence clinical endo-
crinology.
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I1. The Hypothalamus

A. LABHART

With Contributions by
CHR. HEDINGER, G. TONDURY, and G. KISTLER

A. Definition

The hypothalamus has a diameter of only
2.5 cm and makes up 1/300th of the weight of
the brain. Nevertheless, this tiny organ co-
ordinates and regulates most of the vital pro-
cesses of life. Modulations are effected through
neural and neuro-endocrine routes. The schema
of Harris (Fig. 1) shows how the humoral
substances secreted by neurons can affect the
endorgans, with or without intervention of the
endocrine system. The physiologic and clinical
aspects of the hypothalamus will only be dis-
cussed in relation to their influence on the endo-
crine system, as befits a textbook of endo-
crinology.

The hypothalamus controls the endocrine
system primarily through neurosecretions acting
on the anterior pituitary. These are usually of a
stimulatory nature (releasing factors), but may
occasionally be of an inhibitory nature (in-
hibitory factors). However, in contrast to the
neurohypophysis, there is only a conditioned
dependence between the anterior pituitary and
the hypothalamus, since the anterior pituitary
can also produce hormones independently of
the hypothalamus. It is probable that the
anterior pituitary is also capable of certain
autonomic control. On the other hand, the

hypothalamo-neurohypophyseal system forms
a uniform endocrine organ which is concerned
with the regulation of the osmosis and volume
of the body fluids. This system is discussed in a
separate chapter.

B. Embryology and Gross Anatomy

G. TONDURY and G. KISTLER

In the human embryo, the anlagen of the
forebrain (prosencephalon), midbrain (mesence-
phalon) and hindbrain (rhombencephalon) be-
come distinguishable even before closure of the
rostral end of the neural groove. When the
brain becomes a closed tube, these three sub-
divisions develop into the primary brain ves-
icles. Early in the fourth week (when the length
of the embryo is approximately 3 mm) a dorsal
groove forms in the prosencephalic vesicle
subdividing it into the telencephalon, with the
primitive cerebral hemispheres, and the dien-
cephalon, with the anlage of the eyes, i.e., the
optic vesicles. In embryos 7-8 mm in length, the
anlagen of the pineal gland (epiphysis) and the
neurohypophysis appear as small outgrowths of
the roof and the floor of the diencephalon,
respectively.

Fig. 1. Five situations in which humoral substances are secreted by neurons. The substances liberated in each case are indicated
beside the nerve endings. (After HARRIS, from GANONG, in MARTINI and GANONG, 1966)
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The Diencephalon can be divided into four more
or less distinct major parts. The dorsally situated
epithalamus (1) comprises the epithelial roof of
the third ventricle, the striae medullares thalami,
the habenular trigones and the pineal gland.
The thalamus (2) extends basally to the sulcus
hypothalamicus Monroi (sulcus diencephalicus
ventralis). Its medial and lateral portions are
separated from each other by the internal
medullary lamina. Both contain a number of
morphologically distinct nuclear masses. The
subthalamus (3) or ventral thalamus is bounded
dorsally by the thalamus, ventrally and laterally
by the pars peduncularis of the internal capsule,
and medially and rostrally by the hypothalamus.
It includes the subthalamic nucleus, the zona
incerta, the nucleus of the tegmental field of
Forel, and, caudally, the rostral parts of both
the substantia nigra and the red nucleus. The
subthalamus is continuous with the tegmentum
and the basilar portions of the mesencephalon
and must therefore be considered as part of the
extrapyramidal motor system. Because of its
abundance of myelinated nerve fibers, the
subthalamus can easily be distinguished from
the hypothalamus (4) which contains mainly
nonmyelinated nerve fibers and a much richer
vascular network. The mamillary bodies, al-
though usually considered as part of the hypo-
thalamus, belong to the subthalamus. They
receive myelinated fibers from the fornix.

The Hypothalamus comprises the lower parts of
the ventral walls of the third ventricle as well
as the structures of the ventricular floor (chiasma
opticum, tuber cinereum and infundibulum). It
is separated from the pars telencephalica of
the third ventricle by a line connecting the
optic chiasm with the posterior edge of the
anterior commissure. Caudal and lateral to the
hypothalamus is the subthalamus. An inferior
view of the brain shows that the hypothalamus
is bounded anteriorly by the optic chiasma,
laterally by the optic tracts and posteriorly by
the mamillary bodies.

The hypothalamus consists of a diffuse
matrix of rather small cells which form the
central gray substance. Within this matrix, a
number of more or less well distinguishable
nuclear masses (= nuclei) permit the hypo-
thalamus to be divided morphologically into
three regions: The supraoptic region (1) lies
directly above the optic chiasma. It contains the
supraoptic and paraventricular nuclei which
are bridged by small groups of cells. Both these
nuclei consist of large, often bipolar and dark-
staining neurons which show cytoplasmic in-
clusions of colloidal material and peripherally
distributed Nissl substance. The majority of
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their efferent nerve fibers make up the supra-
optico-hypophyseal tract, which extends to the
posterior lobe of the hypophysis. A minority of
the axons, however, terminate within the nuclei
themselves or within the infundibulum.

The central gray substance of the tuberal
region (2) contains the nucleus tuberis in-
fundibularis, the nucleus hypothalamicus ventro-
medialis and the so-called periventricular area.
These nuclear masses consist of small, ovoid
cells intermingled with some larger elements.
They are the site of origin of the tubero-hypo-
physeal tract, most of whose nerve fibers
terminate in close proximity to the specialized
blood vessels of the hypophyseal portal system.
This in turn extends to the sinusoidal capillary
network of the anterior lobe of the hypophysis
(see p. 81). Finally, a lateral area (3) of the
tuber cinereum contains the tubero-mamillary
nucleus and the lateral tuberal nuclei. Little
is known about their nerve fiber connections.

The Blood Supply of the hypothalamus is en-
sured mainly by the anterior cerebral artery
and the posterior communicating artery. Small
branches extend from these vessels to form an
intricate network within the nervous paren-
chyma. The supraoptic and paraventricular
areas are characterized by a particularly dense
capillary network which is supplied by branches
of the anterior cerebral artery, more specifically
the supraoptic-paraventricular arteries. The
supraoptic nucleus also receives small branches
from the superior hypophyseal artery.

The nuclear masses of the tuber cinereum
share the general, less dense vascular network
of the hypothalamus which is supplied partly
by the anterior cerebral arteries and partly by
the posterior communicating arteries. The blood
supply of this region is therefore ensured by at
least two large pairs of arteries which also
supply the mamillary bodies.

The hypophysis itself receives its blood
supply from the superior and inferior hypo-
physeal arteries which are branches of the
internal carotid (see also p. 40). There are no
direct connections between the vascular net-
works of the various hypothalamic nuclei and
the hypophysis. The hypothalamic mechanisms
controlling the activity of the hypophyseal
anterior lobe are discussed on p. 81.

C. Physiology

Exogenous stimuli mediated by the sense organs,
such as light and temperature, and endogenous
signals from the autonomic nervous system and
the psyche, are all received in the hypo-
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thalamus by way of brain formations whose
functions have been under investigation for the
past few years. Complex connections exist
between the hypothalamus and phylogenetically
older parts of the brain (pyriform cortex, hip-
pocampus, amygdala) and between the hypo-
thalamus and phylogenetically newer parts of
the brain (thalamus, mesencephalon) (NAUTA,
1963; DE GrooOT, 1966). The pineal body prob-
ably also plays a part in this relationship (see
p. 73f.). Intracerebral signals are transmitted
neurohumorally via many carrier substances.
These substances include acetylcholine (cholin-
esterase), noradrenaline, dopamine, serotonin,
and melatonin, all of which are found in varying
concentrations (see SHUTE, 1966; MARTINI, 1970;
YATES, 1971). These neurotransmitter substances
act on the releasing or inhibiting hormone-
producing neurons, the ‘“‘transducer” neurons,
which reside in the “hypophysiotropic” area in
the ventral hypothalamus. They extend their
axons into the median eminence, where the
releasing factors are secreted into the capillaries
of the primary portal plexus. The neuro-
secreting neurotransmitters can be influenced
by a variety of pharmacologic agents, such as
reserpine, phenothiazines, tricyclics and am-
phetamines, in a complex manner which has not
yet been fully explained, so that the releasing
hormones and endocrine functions can be
manipulated by these drugs (FROHMAN, 1972).
The blood levels of cortisone, thyroxine,
triiodothyronine and the gonadal hormones
also act as proprioceptive stimuli. They are
perceived by the hypothalamus as a negative
“feedback’ mechanism, and form a connecting
link in the controlling system: hypothalamus-
anterior pituitary-peripheral endocrine glands.
The precise site of this registration of blood
level in the brain has not yet been localized,
although stereotaxic lesions and implantations
of hormone crystals have been used in attempts
at more exact definition. RUF and STEINER have
succeeded in using a microelectrophoretic
technique to place minute amounts of hormone
in the immediate extracellular surroundings of
single neurons in the rat’s brain. Action currents
were registered by microelectrodes with a dia-
meter of 1-3 pm. Injections in the cortex, hippo-
campus, and thalamus had no effect. On the
other hand, neurons in the upper central gray
matter around the 3rd ventricle reacted im-
mediately with cessation of activity. The neurons
registering the cortisol concentration either
produced CRF or functioned as collators con-
trolling other effector neurons (RUF, 1967) (see
Chap. VII, p.299). The feedback mechanism
of the individual peripheral hormones is dis-
cussed in the chapters dealing with the endocrine
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organs (see p. 148, 299, 452). It is possible
(MARTINI, 1968), but still not certain (MCCANN,
1969), that the pituitary adenotropic hormones
also exert a direct “feedback’ effect (“short
loop”) on the hypothalamus (SZENTOGATHAI,
1961).

The hypothalamus receives the exteroceptive
and proprioceptive stimuli, registers metabolic
processes (osmolality, glucose concentration,
the ““feedback’ mechanism of hormones), in-
tegrates and coordinates these factors, and
controls seven vital functions via neural and
endocrine routes. The functions are:

. Energy balance,

. Fluid balance,

. Heat regulation,

. Activity and sleep,

. Circulation and breathing,
. Growth and maturation,

. Reproduction.
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On one hand, the hypothalamus regulates
homeostasis by means of these functions. On
the other hand, simple neuroendocrine reflexes
(stress-ACTH, suckling reflex-milk ejection, re-
flex ovulation in certain mammals and birds),
or complex neuroendocrine responses to rhythms
of long or short duration (day-night, seasonal)
also take place within the hypothalamus (ROTH-
BALLER, 1966).

W. R. HEss has ascribed individual functions
to certain areas in the hypothalamus. Thus,
destruction of certain regions can cause loss of
individual functions, and correspondingly, al-
though rarely, other functions may be stim-
ulated. However, electric, physical and chemical
stimuli induce different functions and seldom
inhibit them. Atlases are available giving the
localization of such experimentally defined
areas.

Energy balance and the nutritional intake
are regulated by an appetite and satiation center.
It is still not certain if these centers respond
directly to the arteriovenous difference in blood
sugar, to the concentration of free fatty acids,
to the insulin content, or to the content of growth
hormone in the blood.

Growth and maturation are closely con-
nected with the regulation of energy exchange.
Fluid intake and output are closely related to
osmoregulation and volume regulation and are
controlled by the thirst and osmoregulation
centers (FiTzsiMoNns, 1972). There are areas
which can influence sleep, circulation, breath-
ing and body temperature. Finally, maturation,
ovarian and testicular function and lactation.
which are functions connected with reproduction,
are regulated by different areas depending on
the animal species. Experimentally-produced
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lesions of certain areas can give rise to charac-
teristic syndromes. A summary of these, taken
from AKERT, is given in Table 1.

These experimentally definable areas coin-
cide to some extent with morphologically demon-
strable formations, but there is a great degree
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(Fig. 2). Fig. 1 (by HArRrIs from GANONG, 1969)
demonstrates how information from neurons
can be transmitted to the endorgans with or

without involvement of the endocrine system.
The neurosecretions of the hypothalamo-
neurohypophyseal system have been chemically

Table 1. Experimentally produced hypothalamic syndromes. (After AKERT, 1959)

Syndrome

Histological localization

Nature of
manifestations
1 = failure

2 = stimulation

Anterior 1. Diabetes insipidus Supraoptical and paraventricular nuclei 1
hypothalamus 5 Faijlure of temperature regulation,  Region of the anterior hypothalamic 1 and 2
hyperthermia nucleus
3. Hemorrhagic pulmonary edema Preoptical medio-ventral area 2
4. Tnsomnia, hyperactivity, excitability ~Suprachiasmatic area (?) 2
and manic states
Tuber cinereum 1. Obesity (hyperphagia) Region of the ventro-medial hypothalamic 2
nucleus
2. Genital dystrophy Ventral nucleus of the tuber, infundibular 1
nucleus (?)
3. Pathological inclination to out- Region of the ventro-medial hypothalamic 2
bursts of temper nucleus, and somewhat rostral to this
Posterior 1. Hypersomnia, coma Latero-dorsal zone 1
hypothalamus 5 poikilothermia Latero-dorsal zone 1
3. Anorexia Lateral hypothalamus adjacent to the 1
cerebral peduncle
4. Pubertas praecox Infundibular-mammillary region 2(7

Ill-defined 1.
areas

Gastro-intestinal ulcers

Medial basal hypothalamus with extensive
longitudinal diffusion

of overlap. Hess denies the concept of single
regulation centers. It is not by chance that heat
regulation, thyroid function, onset of puberty
and ovulation are all controlled by the same
area. Endocrine functions are controlled by
zones or functional units in the sense of a
syncytium rather than by individual neurons each
with certain specific actions.

The hypothalamus exerts its control on the
functions, on the one hand by neurosecretions,
and on the other by way of the autonomic
nervous system, which also affects the motor
nervous system indirectly. Two types of hypo-
thalamic neurosecretion can be differentiated.
The paraventricular and supraoptic nuclei pro-
duce vasopressin and oxytocin together with
a carrier substance, and they are released through
the neurohypophysis into the blood of the
greater circulation. In addition, polypeptide
neurohormones formed or stored in the emi-
nentia mediana reach the blood stream of the
pituitary portal system and arrive in the anterior
pituitary where they exert a limited local effect

identified and synthesized, and their mode of
release is largely known, but we are only
beginning to understand the process of hypo-
thalamic regulation of the anterior pituitary by
means of neurohormones. It is currently as-
sumed that eight different specifically acting
neurohormones are formed within an area of
nervous tissue only a few mm in diameter.
The existence of other hypothalamic hormones
has been suggested but is still not proven.
Release of TSH, ACTH, STH, FSH, and LH
is stimulated, whereas release of the melanocyte-
stimulating hormones (MSH) and prolactin is
inhibited. The structures of the thyrotropin-
releasing hormone (TRH), luteinizing-hormone
releasing hormone (LRH), growth-hormone-
releasing hormone (GRH), and melanocyte-
stimulating hormone release-inhibiting hormone
(MIH) are already known and their synthesis
has been accomplished. The existence of a
prolactin-inhibiting factor (PIF) is well docu-
mented; its nature, however, is not yet known.
The existence of GIF (growth-hormone in-
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Fig. 2. The hypothalamus as a nervous and neuroendocrine coordination and regulating centre

hibiting factor) *, MRF (melanocyte-stimulating
hormone-releasing factor) (McCANN, 1969) and
PRF (prolactin-releasing factor) has still to
be confirmed (Table 2).

Table 2. Neurohormones of the hypothalamus (1973)

Circulating in the
greater circulation
Distal organic effect

Circulating in the anterior pituitary
portal system
Local actions

Structure known, compound synthesized

TRH  Thyrotropin-releasing
hormone
LRH  Luteinizing hormone-
releasing hormone
MIH Melanocyte-stimulating Vasopressin
hormone release
inhibiting hormone
release-inhibiting hormone  Oxytocin
GRH  Growth hormone-releasing
hormone
GIF Growth hormone release-

(GRIH) inhibiting factor

Existence proven or very probable

CRF Corticotropin releasing factor

FRH  Follicle-stimulating hormone-
releasing hormone

PIF Prolactin-inhibiting factor

Existence to be confirmed

MRF  Melanocyte-stimulating
hormone-releasing factor
PRF Prolactin-releasing factor

For more details on the biochemistry, phys-
iology, and pathophysiology of the various

* In 1973 GIF (GRIH, Somatostatin) has been found to be
a decapeptide and has since been synthetized (SCHALLY,
1973; BrRAZEAU, 1973).

hypothalamic releasing hormones see chapters
dealing with the different endocrine glands.
Whereas the isolation of CRF has not yet been
accomplished despite a decade of research (it
is still an open question whether the highly
purified o;-CRF, o,-CRF and B-CRF isolated
from neurohypophyses are identical to hypo-
thalamic CRF) (GUILLEMIN, 1964), in 1969
there was a breakthrough in the field of TRH.
Out of hundreds of thousands of ovine and
porcine hypothalami, it proved possible to ex-
tract a few mg of a substance which had a specific
TRH-activity in vivo in the nanogram range,
and in vitro in the picogram range. Pyroglu-
his-pro-NH, (GiLLEssEN, 1970) (Fig. 3) has

|
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Fig. 3. The thyrotropin releasing hormone

been synthesized; it has practically the same
effects and the same physicochemical prop-
erties as the purest preparations of TRH
from ovine (BURGUS, 1970) and porcine (BOWLER,
1969) hypothalami, and is apparently identical
to TRH. Pyroglutamilhistidylproline-amide is
effective when given by the i.v. and i.p. routes
in mice and rats, and by the oral and i.v. routes
in man, causing a rapid increase in TSH (HALL,
1970). It is inactivated in human plasma at
37° C and is inhibited in vivo by triiodothyronine.

Besides nausea, flushing, and a desire to
micturate after rapid intravenous injection, no
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serious side effects have been observed. TRH
acts specifically on the release of TSH, with the
exception of an occasional increase in output
of luteinizing hormone and prolactin. TRH
allows measurement of the TSH reserve of the
pituitary (for different tests and possible ther-
apeutic uses see Chap. VI, p. 242).

LRH is a decapeptide (BaBA, 1971) causing
a rapid release of LH in animal and man, and
to a lesser extent, FSH. Its structure is Pyro—
Glu-His—-Trp—Ser-Tyr-Gly-Leu—Arg—Pro-
Gly-NH,. For tests and therapeutic implications
see Chap. IX and X.

GRH has very recently also been shown to
be a decapeptide (SCHALLY, 1972) and has
already been synthesized (VEBER, 1971). Its
diagnostic and therapeutic use has yet to be
investigated.

Finally, the structure of MIH has been
revealed as tripeptide with the identical amino
acids of the C-terminal of oxytocin 1-pro—1-
leu—gly-NH, (NaR, 1971).

The neurosecretions controlling the anterior
pituitary seem to be formed or accumulated
(MARTINI, 1968) in the median eminence, which
has led to the suggestion of the term “median
eminence-gland” (REICHLIN, 1966).

Receptors regulating the release of pituitary
hormones seem to be situated within this small
tissue area (MARTINI, 1969). There is evidence
that these neurohormones are not only releasing
factors, but are also concerned with the for-
mation of hormones in the hypophyseal cells
and the growth of these cells. TRH and LRH
do not need protein formation for their effect,
and it is not blocked by inhibition of RNA or
protein synthesis. They act rapidly, mainly by
depolarization of the cellular membrane with
subsequent Ca** uptake (McCaNN, 1969).
There is always a basal secretion of growth
hormone, and only its additional release is
controlled by the hypothalamus. In contrast,
however, the gonadotropic hormones dry up
completely in the absence of hypothalamic
stimulation. It is assumed that prolactin is
regulated through a special mechanism. After
section of the hypophyseal stalk, secretion of
all the pituitary hormones decreases, with the
exception of prolactin which increases and
results in galactorrhea. Drugs such as chlor-
promazine, which exert an inhibitory effect on
the brain stem can also result in the secretion
of milk. It is assumed that there is a hypo-
thalamic inhibitory factor “PIF” (prolactin
inhibitory factor) (SCHALLY, 1968) whose remov-
al results in a release of prolactin and secretion
of milk. It has been stated that there is a pro-
lactin-releasing factor in birds (SCHALLY, 1968).
An interesting phylogenetic interpretation is
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that the hypothalamic releasing factors were
originally hormones and regulated the original
primitive gut from which the anterior pituitary
has developed (HAMMERSCHLAG, 1966).

The hypothalamus forms part of the endo-
crine system. The anterior pituitary was formerly
considered the conductor of the endocrine
orchestra but the hypothalamus has now taken
over the biton and the anterior pituitary has
been relegated to the position of first violin. The
hypothalamus regulates four important endo-
crine organic systems — the adrenals, the thyroid
gland, the gonads, and the growth hormone.
This is discussed separately in the appropriate
chapters. Only a survey of hypothalamic function
within the endocrine system is intended here. The
subject of neuroendocrinology is in a state of
rapid development and has become an in-
dependent specialty beyond the scope of a
textbook of endocrinology.

D. Pathology and Clinical Features
of Endocrinopathies due
to Hypothalamic Involvement

Lesions in the region of the hypothalamus
and in neighboring areas can lead to endocrine
disorders and syndromes when the hypophysis
is not destroyed, as can dysfunction with no
morphological substrate.

The diagnosis is difficult and can only
seldom be made during life. The lesions may be
small and clinically undetectable, or the de-
struction may be so extensive that neurological
symptoms dominate the clinical picture. Further-
more, it is usually only symmetrical lesions that
lead to endocrine failure. The early stages of
the hypothalamic diseases are better suited to
endocrine evaluation, and sometimes only the
history indicates that the illness has arisen in
the hypothalamus.

The neuroendocrine diseases are most often
caused by tumors, such as various types of
gliomas, astrocytomas, craniopharyngiomas,
ectopic pinealomas, and sometimes supra-
sellar pituitary adenomas and meningiomas.
Inflammatory changes due to basal meningitis
and in particular to tuberculosis (COURVOISIER,
1960) and syphilis are now extremely rare.
Chronic inflammations, such as granulomas in
sarcoidosis, lymphgranulomas, leukemia or the-
saurismosis, are also uncommon causes. Damage
to the hypothalamus resulting from accidents
or vascular aneurysms is also rare.

The symptoms are determined by the lo-
calization and the extent of the lesion.

Suprasellar lesions of the infundibulum
and the stalk interrupt the hypothalamic control
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of the anterior pituitary. See Chap. III, p. 50f.
for the disorders of vasopressin and oxytocin
secretion. Secretion of the gonadotropins fails
completely with the exception of prolactin,
which is secreted in increased amounts (failure
of PIF, see p. 106). A basal secretion of growth
hormone, ACTH, and TSH is retained but is
usually uninfluenced by hypothalamic stimuli
such as hypo- and hyperglycemia, stress, and
variations in the hormonal “feedback™ mech-
anism (inhibition test, methyrapone test).

The clinical picture corresponds to complete
or, more frequently, to partial hypopituitarism.

If the lesions are situated high up, as in the
case of an ectopic pinealoma, all the axons are
interrupted, and their nuclei of origin may be
destroyed [B in Fig. 4 (ROTHBALLER)]. All the

and hypoglycemia can be retained, even when
regeneration is hindered by the insertion of
metal plates (VAN WYK, 1960).

Partial hypopituitarism, especially second-
ary hypogonadism, develops in the presence of
incomplete lesions [D in Fig. 4 (ROTHBALLER)].
The circadian rhythm of the adrenal cortex
may be retained or lost. The methyrapone test
is sometimes normal and sometimes pathologic.

Galactorrhea, often associated with amenor-
rhea and uterine atrophy (the Chiari-Frommel
syndrome, see p. 592), is characteristic of
incomplete infundibular lesions. Failure of the
PIF (prolactin inhibiting factor, see p. 106) leads
to increased prolactin secretion. A certain
basal secretion of growth hormone, ACTH,
and gonadotropins must, however, be present

Fig. 4. Lesions of the CNS resulting in endocrinopathies. (After ROTHBALLER, Bull. N. Y. Acad. Med. 42, 258)

releasing factors are lost. This leads to complete
hypogonadism, partial adrenal, thyroid and
growth hormone failure, and usually to diabetes
insipidus, possibly associated with a simul-
taneous disturbance of the thirst center.
Deeper-lying lesions such as occur partic-
ularly after surgical section of the stalk or with
a craniopharyngioma, and occasionally after
traumatic lesion of the hypophyseal stalk lead
predominantly to destruction of the portal
venous system. This usually results in more or
less extensive infarction of the anterior pituitary.
The releasing factors are still produced, but
their relay system is interrupted. The portal
system is, however, capable of regeneration
providing no foreign bodies are inserted. Neu-
rosecretions continue to be produced. Diabetes
insipidus is usually mild, and may be only
temporary. The hypopituitarism is of varying
severity, usually not very marked, and can
regress. The adrenocortical reaction to fever

for lactation to occur. Galactorrhea typically
arises with the introduction of substitution
therapy after surgical division of the stalk.

Pressure effects due to the neighboring
structures without interruption of the infundibu-
lar tracts result in para-infundibular lesions
(ROTHBALLER, 1966) [C in Fig. 4 (ROTHBALLER)].
This lesion leads to failure of the “‘feedback™
mechanism and loss of homeostasis. Pubertas
praecox may then develop (Chap. XIX). These
lesions are caused particularly frequently by
hamartomas, but any space-occupying proc-
esses, including hydrocephalus of the third
ventricle, may be causal factors.

The neuroendocrine reflex mechanisms are
disturbed in intrahypothalamic lesions. Men-
struation becomes disorganized in the presence
of ovarian secretion. The gonadotropins are
reduced to the greatest extent, TSH to a lesser
extent, and ACTH least of all. There is a
characteristic combination with disturbances of
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emotions, consciousness, energy balance, wak-
ing-sleeping rhythm and temperature regulation
[E in Fig. 4 (ROTHBALLER)). Lesions outside the
hypothalamus, such as lesions of the limbic
system or of the brain stem and in the temporal
lobes, can also inhibit the circadian rhythm of
the adrenocortical secretions. These lesions
are often accompanied by epileptic fits. The
dexamethasone inhibition test and the meth-
yrapone test are often pathologic. The response
of the pituitary-adreno-cortical system to stress
is lost in lesions of the afferent nerve tracts
or of the stalk, and in particular, in lesions
of the reticular formation.

But recently, endocrinopathies with none
of the lesions detectable by the morphological
methods currently available have become known.
Most congenital cases of partial or complete
hypopituitarism are probably of hypothalamic
origin due to a deficiency of different releasing
hormones. Growth-hormone deficiency causing
dwarfism (see Chap.V, p.98) is the most
common of this group and ACTH deficiency
the rarest. Hypothalamic rather than pituitary
origin has to be postulated for many forms of
hypgonadotropic hypogonadism (MARTIN, 1972;
editorial 1972).

Conversely, as soon as sensitive assays
sufficiently sensitive for releasing hormones
become available, it will be possible to test the
hypothesis that diseases of pituitary hyper-
function, such as certain types of Cushing’s
syndrome or acromegaly, may result from a
primary hypothalamic disturbance.

E. Diagnosis of Hypothalamic
Endocrinopathies

Endocrinopathies occurring together with cer-
tain neurological manifestations suggest a hypo-
thalamic cause. Homonymous or temporal loss
of vision occurs in a third of cases. Atrophy
of the optic nerve with central scotomas and
damage of the abducens and oculomotor nerves
may also occur. Lesions in the anterior hypo-
thalamic region may give rise to the Foster-
Kennedy syndrome, characterized by homo-
lateral papillary atrophy, anosmia, and con-
tralateral papilledema. Cranial growth may
give rise to impairment of thalamic sensation
or even to pyramidal signs. Pleocytosis in the
cerebrospinal fluid is suggestive of a pinealoma.
Confirmation of the diagnosis is possible by
stereotaxic tumor puncture. A series of obser-
vations of 100 patients gives an indication of the
incidence of neurological disorders of this kind
occurring in association with endocrinopathies
due to hypothalamic lesions verified at post
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mortem (BAUER, 1959). Lesions of the hypo-
thalamus are indicated particularly by the
following nine symptoms or groups of symp-
toms: 1. Psychic disorders, especially affective
disorders such as acute exogenous reaction
type (outbursts of temper, compulsive laughing
and crying). 2. Hypersomnia. 3. Obesity due to
bulimia. 4. Loss of weight due to lack of appetite.
5. Polydipsia or adipsia. 6. Disorders in temper-
ature regulation (fever or subnormal temper-
atures). Hypothalamic fever is not accompanied
by leukocytosis or malaise, and it responds to
sedatives which act on the brain stem. 7. Dis-
orders of the autonomic nervous system (veg-
etative attacks, autonomic epilepsy). 8. Diabetes
insipidus, especially if associated with hypo-
pituitarism. 9. Pubertas praecox (Chap. XIX).

It is, however, often difficult or impossible to
differentiate whether such symptoms, in par-
ticular hypersomnia, obesity, or loss of weight,
are due to organic hypothalamic lesions, or
whether changes in character lead to bulimia or
anorexia. There are no or only isolated examples
of obesity in the human due to hypothalamic
lesions which have been verified at post mortem
(L1IPSETT, 1962).

Various tests can be of use in the differential
diagnosis between hypopituitarism, partial hy-
popituitarism, or hypothalamic endocrino-
pathies.

The vasopressin test (see p.388) should
theoretically differentiate between failure of the
adrenal cortex caused by hypothalamic failure
and that caused by pituitary failure until purified
CRF preparations are available. If the lesion
lies in the hypothalamus, the plasma and
urinary levels of corticoids rise under the
influence of the vasopressin infusion. This rise
does not occur in pituitary insufficiency. The
TRH-test and the LRH-test have the same
implications.

If the plasma or urinary steroid level is
unaltered or not significantly reduced, certain
concomitant signs indicate disturbances in the
hypothalamic regulation system. These are: a
pathological circadian rhythm (KRIEGER, 1966),
a pathological dexamethasone inhibition test,
and a pathological methyrapone test in the
presence of an intact pituitary gland (HOKFELT,
1959; OPPENHEIMER, 1961). Failure of the
adrenals to respond to stress, caused for example
by a pyrogen injection in the presence of intact
pituitary and adrenal glands, and failure of the
levels of growth hormone and of the plasma
corticoids to rise in response to hypoglycemia
(see p. 123), are further indications of a hypo-
thalamic disorder (BETHGE, 1967; LANDON,
1966; GREENWOOD, 1966). Whether the absence
of a rise in the aldosterone level in response
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to removal of salt is a sign of hypothalamic
disorder (HOKFELT, 1959; KRIEGER, 1966) has
yet to be proven. The results of these tests are
not only pathological in hypothalamic endo-
crinopathies, but also in ectopic hormone
formation (paraneoplastic endocrine syndrome
see Chap. XVI).

Often, however, when the tumors cannot be
diagnosed by radiological and isotopic methods,
the clinician can only suspect the etiology to
be in the hypothalamus. Stereotactic biopsy
sometimes provides evidence, otherwise the
diagnosis can only be confirmed at operation
or from the post-mortem findings. Irradiation
and surgery can hardly be considered as ther-
apeutic measures without positive radiological
findings. However, where there is endocrine
failure such as a partial or complete hypo-
pituitarism due to hypothalamic lesions, sub-
stitution therapy must always be instituted.

F. Special Syndromes

1. The Tuberal Form of Dystopia of the Posterior
Pituitary Lobe results in the interruption of the
hypothalamic neurosecretion into the anterior
pituitary, giving rise to hypopituitarism (see
p. 104).

2. The Syndrome of Gigantism with acromegalic
features occurring during childhood, accom-
panied by oligophrenia, macrocephaly, and
coordination disorders, is assumed to be due
to impaired regulation of the secretion of
growth hormone resulting from brain injuries
sustained at birth (Soto, 1964). See Chap. XIX
for Froehlich’s syndrome.

3. The Laurence-Moon-Biedl Syndrome is a
degenerative syndrome with inconstant mani-
festations of endocrine failure, such as diabetes
insipidus. Hypogonadism can be of a primary
or secondary nature. It is not consistent and
is probably due to defects of the central nervous
system. The disorder is hereditary, and is prob-
ably transmitted through a monohybrid simple
recessive gene, though the pathogenesis of the
condition is disputed. A reduction in the number
of ganglion cells in the hypothalamus was
thought to be found in a few of 6 cases confirmed
at post mortem.

4. Albright’s Syndrome was originally described
as polyostotic fibrous dysplasia (Jaffe-Lichten-
stein’s disease) with pubertas praecox espe-
cially in females and patchy skin pigmentation.
The bone lesions, often involving facial bones,
tend to be unilateral as do the brown, non-

35

elevated skin areas on the same side. Other
endocrinopathies have since been observed in
this syndrome: goiter and/or hyperthyroidism,
acromegaly, Cushing’s disease, gynecomastia
and acceleration of skeletal growth without
overt precocious puberty (HALL, 1972). Prema-
ture secretion of FSH and LH has been reported.
The euthyroid or toxic goiters show evidence
of long-standing hyperplasia without the lym-
phocytic infiltrations characteristic of Grave's
disease but suggestive of abnormal TSH stim-
ulation. True acromegaly has been proven in
at least one case, although the facial deformities
may mimic the aspect of acromegaly. The
observed case of Cushing’s disease was of the
hypothalamic type. Pituitary histology indicated
hyperplasia and no tumor formation. These
observations suggest a hypothalamic origin of
these endocrinopathies via increased secretion
of the corresponding releasing hormones. In
the few cases which have been verified at post
mortem, the hypothalamus was sometimes found
to be intact; however, in one case the mamillary
body was smaller than normal, and an additional
nucleus was present in the neighboring tissue.
Originally the hypothalamic dysfunction was
explained by pressure through hyperostoses on
the base of the cranium, but although thickening
of the cranial base can often been seen radi-
ologically, there are endocrinopathies in cases
where the base of the skull is not involved.
Thus the endocrine manifestions probably result
from a still undetermined hypothalamic dis-
order.
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II1. The Hypothalamo-Neurohypophyseal System

A. LABHART

With Contributions by

G. TONDURY and G. KISTLER

A. Historical Dates

1794 J. P. Frank distinguished diabetes insip-
idus from diabetes mellitus.

1895 OLLIVER and SCHAFER produced an extract
from the pituitary which caused a rise in
blood pressure.

1910 A. FrRaNK associated diabetes insipidus
with a hypofunction of the posterior
pituitary.

1913 Camus and Roussy produced diabetes

insipidus in dogs by hypothalamic lesions,

without injury to the pituitary.

FarM1 and VON DEN VELDEN established

the therapeutic effect of extracts of the

posterior pituitary in diabetes insipidus.

1948 VERNEY showed that the activity of the
hypothalamic-neurohypophyseal system
wasregulated by the osmotic concentration
of the blood in the hypothalamus.

1953/55 Du VIGNEAUD isolated and synthesized
vasopressin and oxytocin.

1913

B. Embryology, Gross Anatomy
and Histology

G. TONDURY and G. KISTLER

1. The Neurohypophysis

The hypophysis has two major subdivisions
which differ fundamentally in embryology,
morphology, and function. The adenohypophysis
is derived from a dorsal outpocketing of the
ectodermal buccopharyngeal region. It dem-
onstrates all the characteristics of an endo-
crine gland. Some aspects of its development and
anatomy are discussed in Chap. V, p.77.
The neurohypophysis originates from the dien-
cephalon. In the 7-8 mm-long human embryo,
the neurohypophyseal anlage appears first as a
thickening of the diencephalic floor. From this,
a compact epithelial process grows downward
behind the anlage of the adenohypophysis and
develops into infundibulum and neural lobe.

Gross Anatomy. The fully developed neurohypo-
physis (see also p. 78) has three subdivisions:
1. The infundibulum (neural stalk, pars proximalis
of the neurohypophysis) extends from the floor
of the diencephalon down to the diaphragma
sellae of the sphenoid bone. It forms the neuro-
hypophyseal portion of the hypophyseal stalk.
Its boundary towards the tuber cinereum is
given by the hypothalamo-hypophyseal sulcus
(sulcus tuberoinfundibularis). At the root of the
infundibulum, the third ventricle evaginates to
form the infundibular recess (Fig.1). The
median eminence, a funnel-shaped extension of
the tuber cinereum, must morphologically and
functionally be considered as part of the
infundibulum. 2. The infundibular stalk is the
border area between infundibulum and neural
(posterior) lobe. It contacts with both the pars
tuberalis and the pars intermedia of the adeno-

Fig. 1. Part of the pituitary of the adult man. Scheme with
reference to ENGELHARDT (1968). P.P. proximal suprasellar
pituitary; D.P. distal, intrasellar pituitary; / Infundibulum;
P.p. parsinfundibularis adenohypophysea; D.S. diaphragma
sellae; AP anterior pituitary; P.i. pars intermedia (inter-
mediate lobe); PP posterior pituitary; C.o. chiasma opticum;
I third ventricle with recessus infundibuli. The darts
indicate the sulcus hypothalamo-hypophyseus
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hypophysis. The infundibular process (3) (neural
lobe, pars distalis of the neurohypophysis) is
lodged within the sella turcica of the sphenoid
bone, adjacent to the pars intermedia of the
adenohypophysis.

Blood Supply. The hypophysis is supplied by the
left and right superior hypophyseal arteries
which arise from the internal carotids near the
origin of the ophthalmic arteries. Each superior
hypophyseal artery divides into an anterior
and a posterior branch (anterior and posterior
superior hypophyseal artery, respectively). In
the median eminence, the anterior branches
form characteristic capillary loops which drain
into the hypophyseal portal vessels. These in
turn supply the sinusoidal capillary network in
the adenohypophysis (see also p.82). The
anterior branches also supply the upper parts
of the pars infundibularis of the adenohypo-
physis and, in addition, give rise to a small
trabecular artery which passes directly into the
anterior lobe where it anastomoses with the
inferior hypophyseal artery. The posterior
branches break up into a capillary network
within the infundibulum. The region of the tuber
cinereum receives additional blood from
branches of the posterior communicating arte-
ries. The neural lobe and the lower portions
of both the infundibulum and the pars in-
fundibularis of the adenohypophysis are supplied
by the inferior hypophyseal arteries. These are
also branches of the internal carotids and
anastomose with the trabecular arteries. The
venous blood is conveyed by capsular veins of
the hypophysis into the anterior and posterior
intercavernous sinuses which drain into the
cavernous sinus. Thus, the hypophysis is sur-
rounded by large blood channels anteriorly,
posteriorly, and bilaterally (circular sinus).
Intra- and suprasellar portions of the hypo-
physis are in close proximity to vital brain
structures and blood vessels. Through the
foramen hypophyseale of the diaphragma sellae,
the sella turcica of the sphenoid bone opens
into the middle cranial fossa. The lateral wall
of the dura mater lining the sella is also the
middle wall of the cavernous sinus. The hypo-
physeal stalk, which connects the intrasellar
portions of the hypophysis with the hypo-
thalamus, is situated immediately beneath the
optic chiasma. Although morphological var-
iations of the chiasma are frequent, its close
spatial relationship to the hypophyseal stalk is
a constant feature. Tumors of the adenohypo-
physis can damage the decussating nerve fibers
in the chiasma and lead to bitemporal hemi-
anopsia. The proximal part of the infundibulum
of the neurohypophysis encloses the infundibular
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recess of the third ventricle (Fig. 2) and thus
gains close connections with the ventricular
system of the brain. In the region of the peri-
infundibular cistern, the hypophyseal stalk is
also surrounded by cerebrospinal fluid. In
addition, the infundibulum lies in the center of
the arterial circle of Willis and in close proximity
to the small but numerous arteries of the
olfactory area. This area joins the infundibulum
rostrally and laterally. Finally, the tuber cin-
ereum and the two mamillary bodies are also
situated close to the infundibulum.

Fig. 2. Topography of the hypophyseal stalk in the adult.
1 Commissura anterior; 2 3rd ventricle; 3 Lamina terminalis;
4 Recessus chiasmatis ventriculi tertii; 5 diaphragma sellae
with foramen hypophyseos; 6 Fasciculus opticus; 7 Corpus
mammillare; 8 Recessus infundibuli; 9 Tuber cinereum;
10 Infundibulum; 11 Nervus oculomotorius; 12 Arteria
carotis interna. The dart indicates the foramen interventri-
culare Monroi

Histology. In routine histological sections, the
neurohypophysis appears as a mass composed
of innumerable ill-defined fibers, among which
a rather heterogeneous population of cells is
distributed. In sections stained with silver
salts, a fine network of argyrophilic fibers is
found to surround the blood vessels branching
within the organ. Like the adenohypophysis,
the neurohypophysis is enclosed by a relatively
thick connective tissue capsule. From this
capsule, a thin septum rises between the anterior
and posterior lobe (pars intermedia) towards
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the brain. This boundary may in parts be erased
by a penetration of basophilic cells from the
pars intermedia of the adenohypophysis into
the posterior lobe.

The neurohypophysis contains two major
elements. The bulk of its substance is made up
of about 100000 wunmyelinated nerve fibers,
whose cell bodies are located in the hypo-
thalamus. Distributed among these fibers are
the pituicytes, which vary greatly in shape and
size. Due to their structural relation to the
axons, these cells must be considered as a special
form of the neuroglia. They commonly contain
various amounts of pigment granules. A broad
perivascular space bounded on all sides by a
basal lamina separates the nerve fiber endings
and the pituicyte processes from the network
of blood capillaries with fenestrated endothelia.
Light microscopy reveals the characteristic
strongly positive PAS-reaction of this peri-
vascular area, which indicates the presence of
large amounts of mucopolysaccharides. In the
electron microscope, finger-shaped ramifications
from this space can often be traced for a good
distance between the axons and the pituicytes.

2. The Hypothalamo-Neurohypophyseal
Connections

The axons comprising the major part of the
neurohypophyseal mass collectively form the
hypothalamo-neurohypophyseal tract. Its cell
bodies (perikarya) are located mainly within
the supraoptic and paraventricular nuclei,
whereas other hypothalamic nuclear masses
apparently contribute only a few nerve fibers.
The axons pass via the infundibulum and the
infundibular stalk to reach the posterior lobe
where they terminate in intimate contact with
the capillaries. When special staining methods
(e.g. aldehydefuchsine) are used, variously sized,
intensively staining masses can be recognized
in both the cell bodies of the hypothalamic
nuclei and in their axons. These are the so-
called Herring bodies. In the electron microscope,
these bodies have been found to be locally
dilated portions of the axons where granules
are densely packed with mitochondria and other
cell organelles. The granules are thought to
contain the hormones synthesized on the gran-
ular endoplasmic reticulum (Nissl substance)
and bound to a carrier protein in the Golgi
complex. They are carried along the entire
length of the axons into the posterior lobe. In
addition to these neurosecretory granules with
a diameter of about 100 to 200 nm, the nerve
fiber endings also contain smaller vesicles of
about 40 nm diameter. Such vesicles are nor-
mally found in synapses elsewhere in the
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nervous system. Their function at this site is
still a matter of dispute.

The two hormones formed in the supraoptic
and paraventricular nuclei are oxytocin and
vasopressin. Since no neurosecretory granules
have been demonstrated within the extensive
perivascular space separating the capillary endo-
thelia from the pituicytes and the nerve fiber
endings, it must be assumed that the granules
are dissolved while still within the axon ter-
minals and that their content is emptied in
molecular form into the cytoplasmic ground
substance. From there, after passing through
the axonal cell membrane, the hormones reach
the perivascular space rich in mucopolysac-
charides and mucoproteins. One might speculate
that this material acts less as a barrier and more
as a distribution system ensuring unimpeded
and rapid transfer of the hormones into the
capillary system. The function of the pituicytes
in this process has not yet been clarified.
Increasing evidence indicates, however, that
these cells do not only have a supportive function,
but that they are largely involved in the meta-
bolism of the neurosecretory cells and their
axons.

C. Biochemistry, Transport,
Inactivation, and Excretion

The hypothalamic-neurohypophyseal system of
the human and of other mammals produces
two hormones: vasopressin and oxytocin. They
are closely related chemically and their actions
overlap to a slight extent.

Both hormones are octapeptides, and both
were isolated and synthesized by DU VIGNEAU.
Oxytocin and vasopressin were the first hormones
to be synthetically prepared. These synthesized
hormones show no chemical, physical or bio-
logical differences from the naturally isolated
hormones. The name vasopressin originated
from the first, probably unphysiological effect
of the hormone to be discovered, namely the
blood pressure-raising effect. However, the
terms adiuretin or antidiuretic hormone have
not managed to prevail. Neurohypophyseal
extracts with predominantly antidiuretic and
pressor effects are termed as pitressin. Extracts
with an oxytocin action are designated as
pituitrin or pitocin.

In mammals there are two vasopressins.
The human and most other mammals form
arginine-vasopressin (LIGHT, 1958). The pig
and its relations produce lysin-vasopressin. The
remaining vertebrates form vasotocin instead
of vasopressin, and certain osteichthyes produce
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Table 1. Structural formula of the 7 neurohypophyseal hormones presently separated in nature using the usual abbrevia-
tions for the amino-acid residues (according to BERDE, 1964; HELLER, 1966; Boissonas, 1968)

Name Formula vl\\:{e(i);ctmar-
1 2 3 4 5 6 7 8 9

Oxytocin H—CysL—Tyr—Ileu—Glu(NH 2)—Asp(NHz)—-Cysl—Pro——Leu—~Gly—NH 2 1007

Lysin-Vasopressin H——Cys|~Tyr—Phe—-Glu(NHz)—Asp(NH 2)—Cst——Pro——Lys——Gly—NH 2 1056

Arginine-Vasopressin 1084

H—Cys—Tyr—Phe—Glu(NH2)—Asp(NH2)—Cy?—Pro—Arg—Gly—NH2
I

Vasotocin

H—Cys—Tyr—Ileu—Glu(NH,)—Asp(NH 2)——CyT——Pro——Arg——Gly—NH 2

Ichthyotocin (Isotocin)

H—Cys—Tyr—Ileu——Ser—Asp(NH2)-Cst—Pro—Ileu——Gly——NH2
L

Mesotocin

H——Cys—Tyr—Ileu——Glu(NHZ)——Asp(NHz)-——Cﬁs—Pro—Ileu—Gly(NHz)

Glumitocin

H—Cys—Tyr—Ileu—Ser—Asp(NH 2)—Cst—Pro—Glu(NH 2)—Gly(NH,)

Table 2. Phylogenetic distribution and quantitative pharmacological characterization, in international units per milligram,
of 5 neurohypophyseal hormones. The five pharmacological methods used here are usually employed for the character-
ization of the *‘oxytocin-like”, or ‘“vasopressin-like” properties of the substance. (After BERDE, 1964)

Neurohypophyseal Oxytocin-like activities Vasopressin-like activities Phylpgex}etic
hormones (IU/mg) (IU/mg) distribution
Uterus Blood Milk Blood Antidiuresis
(rat pressure glands pressure (rat)
in vitro) (cock) (rabbit) (rat)
Arginine-Vasopressin 16+ 4 60+ 6 65+ 8 400 + 40 400 440 Many mammals
Lysin-Vasopressin 5+ 05 40+ S 60110 270+20 250 Pig, hippo-
potamus,
pekari
Oxytocin 450+ 30 450+ 30 450+ 30 5+ 1 5+ 1 Many
vertebrates
Vasotocin 115+15 285+40 210 245+ 15 250 +35 Vertebrates
with exception
of mammals
Ichthyotocin, Isotocin 150 +12 320+ 15 300+15 0.06+ 0.01 0.18+ 0.03 Some osseous
fishes
(osteichthyes)

ichthyotocin or isotocin (BERDE, 1964 ; SAWYER,
1966; ACHER, 1966; WALTER, 1967). See SAWYER
(1967), VLIEGENTHART (1967), and ACHER (1969)
for the phylogenetic relation of the hormones
of the posterior lobe and their function in
nonmammals (Table 1, 2).

Oxytocin and arginine-vasopression differ in
only two amino-acid residues. In mammals,
oxytocin predominantly causes the uterus to
contract and milk to be ejected. On the other
hand, vasopressin has mainly an antidiuretic
effect, and in higher concentrations pressor
properties. The actions overlap, and this would
appear to be physiologically rational to some
extent, as, for example, antidiuresis in lactation.

Vasopressin and oxytocin are stored in the
neurohypophysis and bound to specific carrier
proteins, neurophysin I and neurophysin II, in
granules visible by electron microscopy. Neuro-
physin I binds more oxytocin; neurophysin II
has a selective affinity for vasopressin. Vaso-
pressin and oxytocin are usually secreted to-
gether with the neurophysins into the blood,
and free hormones may also be released.
Calcium ions shift during the process of release
into the cells; at a certain concentration they
inhibit binding to the neurophysins (GINSBURG,
1966).

It is still uncertain how much vasopressin
and oxytocin circulate in the free form and to
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what extent they are bound in the plasma.
Neurophysins circulate in a concentration of
1.3 to 40 ng/ml in the blood, according to the
state of hydration and diuresis. Neurophysins
are higher in women than in men, and are
elevated in pregnancy and in renal insufficiency
(LEGROS,1972;SACHS, 1969). Vasopressinisevenly
distributed within the plasma volume and only
a small percentage is transferred to the extra-
cellular fluid. The half-life in the human,
estimated using vasopressin labeled with tritium
and 3'I, is extremely short, approximately
4 minutes (SILVER, 1961). However, when
estimated from infusion studies, it is reported
to be 16—17 min (CzACZKES, 1964). The majority
of the vasopressin is inactivated in the liver and
kidneys (LAUSON, 1961). A relation between
receptor-effect and inactivation is under
discussion (DICKER, 1961). Only 5-20% is
excreted through the kidneys. The greater part
of the vasopressin excreted in the urine is not
dialyzable (THORN, 1959). The nature of the
carrier protein in urine is unknown.

The concentration of vasopressin in human
plasma lies below or just at the lower limit of
biological assessment, even in blood from the
internal jugular vein and during extreme de-
hydration. Infusion methods yield concen-
trations of 1-5 pU/ml = 0.01 mpg/ml (LAUSON,
1967; SCHRODER, 1959; SHARE, 1967). Secretion
is estimated to be 7.5-50 mU/h, and the total
clearance has been calculated to be 150 ml/min
(LAUsON, 1967). These estimations by biological
assays are roughly confirmed by the difficult
radioimmunological method of determination
which has recently become available and which
allows measurement of concentrations of vaso-
pressin down to 1 pg/ml. In healthy persons,
the vasopressin concentration is found to be
between 1 and 10 ppg/ml according to the
state of hydration. The concentration can rise
to 26 upg/l in nephrogenic diabetes insipidus
(ROBERTSON, 1970).

The clearence of vasopressin is elevated in
central and nephrogenic diabetes insipidus.
Despite the low molecular weight, many ani-
mals and also a few humans can form circulating
antibodies against lysin-vasopressin or arginine-
vasopressin (ROTH, 1966).

Oxytocin circulates bound to beta-globulins
in a volume corresponding to approximately
40% of the body fluid. The half-life in the
pregnant woman is approximately 3 min. Oxy-
tocin is also inactivated by the liver, the kidney
and the mammae during lactation. In addition,
during pregnancy in primates, oxytocinase ap-
pears in the plasma which also disintegrates
vasopressin. Its origin and physiological sig-
nificance are, however, still unknown.
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The synthesis of these polypeptide hormones
permits the production of derivatives with
altered activity, which can be pharmacolo-
gically useful. Over 200 analogues have been
synthesized and examined (WALTER, 1967),
revealing certain correlations between structure
and effect (Boissonas, 1961). The substitutions
in positions 3 and 8 are of special interest.
Inhibitors can also be produced, and conclusions
about the mode of action can be drawn from
the molecular structure (WALTER, 1967). The
synthesized hormones are sometimes more effec-
tive per unit weight than the natural hormones.
Thus, the antidiuretic effect of desamino 1-
arginine-vasopressin is three times greater than
that of the naturally occurring hormone (BERDE,
1964). See p. 61 for information on DDVAP.
2-Phenylalanine 8-lysine-vasopressin, which
has only a slight antidiuretic action but a
definite pressor effect (GuHL, 1960) has been
introduced into the treatment for hemorrhage
of esophageal varices since it produces an
arteriolar constriction in the splanchnic area
with a fall in portal venous pressure (TSAKIRIS,
1964). Ornithin®-vasopressin has a yet more
favorable pressor/antidiuretic ratio and is
used for local hemostasis (BERDE, 1964). See
BERDE (1966) for the synthetic analogues and
homologues. See WoOOLEY (1956) for the specif-
icity of the peptide hormones (oxytocin effect of
angiotensin, vasopressin action of pepsitensin).

D. Physiology

1. Place of Formation of Vasopressin and
Oxytocin

Vasopressin and oxytocin are formed in different
neurons of the hypothalamic nuclei and reach
the neurohypophysis by way of the nerve
tracts (neurosecretion) (BARGMANN, 1954;
SCHARRER, 1954; LEDERIS, 1962).

The ganglion cells of the supra-optical and
paraventricular nuclei, the supra-optico-hypo-
physeal tract, and the neurohypophysis form
a unit, which when interrupted at any point
leads to functional failure of the system and
thereby to diabetes insipidus. Usually the degree
of the functional disturbance is proportional
to the extent of the lesion. Removal of the neuro-
hypophysis or division of the supra-optico-
hypophyseal tract leads to the degeneration of
a number of neurons, which increases with
increasing proximity of the lesion to the ganglion
cells. The neurosecretory neuron has a special
place between the cells. Apart from the elements
of the ordinary nerve cell, such as dendrites,
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axon, neurofibrils and myelin sheath, it also
contains granules of various sizes in the ganglion
cell itself and along the axis cylinder. These
granules can be selectively stained by GOMORI’S
method. This Gomori-positive or neurosecre-
tory substance becomes more dense distally
and is found in particular abundance in the
neurohypophysis. Valuable support for the
opinion that this substance is related to the
hormonal activity of the system is obtained
from the fact that the quantity of these neuro-
secretory granules is dependent on the functional
state of the system and that the content of anti-
diuretic hormone of the areas surrounding the
hypothalamus and neurohypophysis corre-
sponds quantitatively to the amount of neuro-
secretory substance in these areas. The ganglion
cells increase in size during thirst and after
osmotic stress (functional nuclear edema). At
the same time, there is a decrease in the neuro-
secretory substance as well as in the antidiuretic
hormone content in the distal regions, especially
in the neurohypophysis. After a water load,
the neurohypophysis again becomes filled with
neurosecretory substance.

This neurosecretory substance is definitely
formed in the ganglion cells of the supra-
optical nucleus and possibly in the paraventri-
cular nucleus as well. Experiments show that
oxytocin is formed in the paraventricular nu-
cleus, whereas vasopressin is produced in the
supra-optical nucleus (OLIVECRONA, 1957). These
substances then migrate along the supra-optico-
hypophyseal tract, and 80% is stored in the
neurohypophysis as subcellular granular ele-
ments of 100-300 mpm diameter. When the
pituitary stalk is interrupted, the neurosecretory
substance stagnates in the proximal end of the
stump, whereas the distal end discharges the
substance. In tissue cultures of the ganglion
cells of the dog’s supra-optical nucleus, a
movement distally of granulated elements could
be demonstrated with rapid motion pictures.
Finally, tests with substances labeled with
32p showed migration in the direction distal to
the ganglion cells. The velocity of the transport
varies with the degree of the osmotic stress.
The neurosecretory substance seems to move
with the plasmatic flow of the axon.

No antidiuretic hormone has been demon-
strated in other hypothalamic nuclei. The
neurosecretory substance is not identical to
the hormones of the hypothalamic-neurohypo-
physeal system. As far as can be determined
histochemically, it appears to be a lipoglyco-
protein which, like a carrier protein, combines
with the hormonally active polypeptides.

In mammals, the ganglion cells of the supra-
optical and paraventricular nuclei are the only
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cells so far known to produce a carrier substance
of this kind with hormonal activity.

2. Release

The release of oxycotin and vasopressin results
from numerous nervous, chemical, and physical
stimuli. Pharmacological, physiological and
pathological stimuli can be differentiated among
the indirect stimuli.

Drugs, in particular acetylcholine, nicotine,
and many analgesics, hypnotics and anesthetics,
such as morphine, ether, and barbiturates, lead
to the release of vasopressin. Intravenous ad-
ministration of 0.5-1.0 mg nicotine (3 mg in
smokers) causes the release of vasopressin
when the hypothalamo-neurohypophyseal sys-
tem is intact (nicotine test, see p. 59f.). Although
acetylcholine and adrenaline in small doses
inhibit the release of vasopressin, adrenaline
in large doses has the opposite effect.

A rise in plasma osmotic pressure is the spe-
cific physiologic stimulus causing a release of
vasopressin. The act of suckling results in the
release of oxytocin. Vasopressin and oxytocin
can be released together, or a specific stimulus
may cause one or the other to be secreted in
predominance (ACHER, 1958; HELLER, 1966).
However, overlapping occurs. Thus, suckling
causes a simultaneous inhibition of diuresis,
and the administration of hypertonic saline
leads to the ejection of milk and to contraction
of the uterus. In mammals, including the human,
stimulation of the genital organs and coitus
also result in the release of oxytocin and vaso-
pressin. In the nursing mother milk is released,
whereas in the male and other females diuresis
is retarded (HARRIs, 1953; FRIBERG, 1953).

Changes of 1% in the osmolality (see p. 46f.)
of the plasma are sufficient to induce or inhibit
vasopressin secretion. The chemical nature of
the substances dissolved in the plasma is,
however, unimportant, providing they are not
prevented from exerting an effect on the end
organ through excessive diffusibility (e.g. glu-
cose, urea). VERNEY showed in his precise
experiments in the dog that the electrolytes and
the osmotic pressure of the total blood have
little effect on the release of vasopressin. On the
other hand, an 8% rise in the chloride content
of the internal carotid artery, corresponding to
an increase of 2% in the osmotic pressure,
induces the neurohypophysis to release 1 micro
unit of vasopressin per second = 3.6 mU/h),
diminishing the urinary output to less than
1 cm®/m?/min. There must, therefore, be osmo-
receptors in the area supplied by the internal
carotid arteries. Presumably, these receptors
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cause the neurosecretory cells of the hypo-
thalamo-neurohypophyseal system to release
vasopressin into the blood.

The bubbles in the supra-optical and para-
ventricular nuclei, considered by VERNEY to
be osmo-receptors, are really vacuoles of the
ganglion cells with a laterally placed signet ring-
shaped nucleus. They are only found in a few
species and vary in size and number according
to the osmotic stress. They are, therefore, to be
considered as a product and not as a controlling
organ. The ganglion cells themselves must
possess Osmo-receptor properties since their
action currents vary according to the osmotic
stress. The osmo-receptors are situated in the
region supplied by the internal carotid artery,
but the localization has not yet been quite
successfully determined (JEWELL, 1957).

On the other hand, various localizations of
the release regulation have been established for
the nervous, pharmacological and osmotic stim-
uli (DINGMAN, 1957).

The release of vasopressin is not controlled
by the absolute osmotic pressure but rather by
the gradient between the extra- and intra-
cellular osmotic pressures. The difference be-
tween the two depends mainly upon the extra-
cellular sodium concentration. On average, the
release of vasopressin in man begins at an
osmolality of over 285 mOsm/kg (MOSEs, 1967).

The release or inhibition of vasopressin
probably results immediately from perceptible
variations in the osmotic pressure. Cortisol
increases the stimulus threshold for the release
of vasopressin, even when nicotine (DINGMAN,
1957, 1958) or osmotic stimuli are employed
(AUBRY, 1965). Increase in blood volume (see
beneath) also increases the osmotic stimulus
threshold (Mosks, 1967).

In addition to osmoreceptors, volume re-
ceptors and baroreceptors, probably in the left
atrium, the carotid sinus and in the aortic arch,
are supposed to control diuresis through vaso-
pressin secretion (GAUER, 1963; LEAF, 1952;
HARE, 1967). Osmotically induced diuresis is
inhibited by a slight decrease in plasma volume.
Volume regulation dominates the osmoregu-
lation (ARNDT, 1965). The “‘effective circulating
blood volume™ appears to be the critical factor
rather than the extracellular fluid volume
(SHARE, 1962). Vasopressin and oxytocin are
liberated from the granules and pass through
the cell membranes to reach the blood. Calcium
ions appear to have an effect on the liberation
of both vasopressin and oxytocin from their
carrier substances (THORN, 1965). Only the
20% of vasopressin stored in the tissue can be
released on a specific stimulus. Emotions, pain,
vomiting, and loss of blood are some of the
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stimuli which can cause a release of vasopressin.
Conversely, antidiuresis can be interrupted by
hypnosis or certain reflexes (HOFER, 1963;
HuULET, 1963). The very variable enhancing or
inhibitory stimuli must be received and in-
tegrated by a hypothalamic center. This converts
them into an impulse for the release of vaso-
pressin (PITTS, 1968).

There are only hypothetical views about the
mechanism of the hormonal release from the
posterior pituitary lobe into the blood. These
include neural impulses, alterations in electrical
potentials with electrolytic displacement, in
particular the entrance of calcium ions into the
cells, or permeability changes (HELLER, 1966).
In addition to the immediately available portion
of vasopressin, the posterior lobe contains more
vasopressin which is only slowly released (SAcHs,
1967, 1969). Temporal observations would make
a neurohumoral transmission appear improb-
able, but support the concept of transmission
by neural impulses (so-called stimulation-se-
cretion-coupling, SAcHs, 1967). These impulses
are transmitted either by the neurofibrils of the
secretory neurons or by the numerous neigh-
boring unmyelinated nerve fibers.

3. Action of the Neurohypophyseal Hormones

a) Oxytocin

Oxytocin exerts a constricting effect on the
uterine muscle. Estrogens increase the response
of the uterus to oxytocin, whereas progesterone
inhibits 1t. During pregnancy, the sensitivity of
the uterus to oxytocin is greatly reduced.
However, during delivery and immediately
after, the uterus is particularly sensitive to
oxytocin. There are many data supporting the
physiological effect of oxytocin during the
stages of labor (see p. 692). Further clarification
will only result from the radioimmunological
assay techniques recently introduced.

In addition to the effect noted above,
oxytocin causes contraction of the myoepi-
thelial elements of the excretory ducts of the
mammary glands, resulting in milk ejection.
In the rat and dog, oxytocin also has a diuretic
effect by virtue of enhanced electrolyte ex-
cretion. This is not so in man. The effect of
oxytocin on the release of prolactin is ques-
tionable, and it is not likely that oxytocin has
any physiological function in the male genital
system (FITZPATRICK, 1966). Finally, oxytocin
and its analogues, such as vasopressin, in high
doses have an insulin-like effect on glucose
metabolism in vitro upon rat adipose tissue.
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b) Vasopressin

o) Regulation of Water Intake and Diuresis

The hypothalamus, neurohypophysis and kid-
neys constitute a system for maintaining con-
stant osmotic pressure or constant osmolality
(see p. 46f.) of the extra- and intracellular body
fluids. Like other regulatory systems, it is
concerned with homeostasis. It generally suc-
ceeds in maintaining a constant internal envi-
ronment, which was recognized by CLAUDE
BERNARD as being essential to life.

Water intake and loss are controlled by the
hypothalamus, which registers and integrates
osmolality, volume of body fluids and other
stimuli (Table 3).

The water intake is controlled predom-
inantly by the thirst center. This center is
situated in the ventro-medial hypothalamus,
between the descending column of the fornix
and the mamillo-thalamic tract, caudal to and
partly overlapping the osmoreceptors controlling
vasopressin secretion (ANDERSSON, 1955). Stim-
ulation of this area with very small amounts
of hypertonic saline or with an electric current
results in compulsive water drinking of up to
40% of the body weight. Polyuria follows only
after a latent period of several hours. Destruction
of this hypothalamic area causes complete or
partial adipsia. The specific stimulus inducing
thirst has not been definitely identified ; however,
extra- and intracellular hyperosmotic dehy-
dration appear to be predisposing conditions.
An increase in the osmolality alone is not
sufficient, and alterations in volume seem to be
involved. It is not known whether the osmo-
receptors for the release of vasopressin are also
concerned with the induction of thirst, func-
tioning through different nerve tracts, or if
other receptors, partly overlapping’ with the
osmoreceptors for vasopressin, are also present

The Hypothalamo-Neurohypophyseal System

(ANDERSSON, 1957; FrrzsiMMons, 1972). A dry
buccal mucosa is only an additional factor in
inducing thirst. The water loss is controlled by
the kidneys under the influence of the release
of hypothalamic vasopressin.

The kidneys play a critical role among all
organs capable of excreting water since the
lungs, stomach and skin excrete water with no
concern for the hydration state of the body.
Apparently, these latter organs are so very much
concerned with their own specialized function
that they neglect the economy of the water
equilibrium in preference to their own functional
maintenance (lungs: CO, excretion; stomach:
HCI production; skin: temperature regulation).
In mammals, the kidney is the only secretory
and excretory organ capable of delivering a
hypertonic excretion, the urine. It is therefore
well suited to the function of conserving water.

The body can tolerate wide ranges of
variations in the amount of extracellular water.
There is also a relatively wide margin of toler-
ance to the absolute quantities of the substances
dissolved in the body fluid. The ratio of water
to the dissolved substances, however, must be
kept within relatively narrow limits. This is
normally 300 mOsm/kg H,O, and is dependent
predominantly on the sodium concentration in
the plasma. The Na concentration can vary
between 120—160 mEq/1.

The unit osmol is used for measuring the number or
the mass of the osmotically active molecules in an aqueous
solution. It corresponds to a number or mass (according
to the definition) of 6.023 x 10** osmotically active par-
ticles, and is equal to a mol in undissociated substances.
As long as the substance dissociates in solution, the number
of osmotically active particles increases by a factor identical
with the number of ions into which the molecule dissociates.

The osmotic pressure (as well as many other physical
properties) of a solution, is a linear function of the relation
between the number of osmotically active molecules and
the number of molecules of the dissolving agent. This
ratio or this quotient of the number of osmotically active

Table 3. Control of diuresis through the hypothalamic-neurohypophyseal-renal system (] decrease, 1 increase) (TALBOT,

1952)

Hemoconcentration

Hemodilution

Blood Osmolality 1
Hypothalamus Osmoriceptors
Neurohypophysis Release of vasopressin
Blood Vasopressin |

Kidneys Distal water reabsorption
Urine Osmolallity 1

Specific gravity

Osmolality |

Osmoreceptors

Inhibition of vasopressin secretion
Vasopressin |

Distal water reabsorption |

1)
Osmolality |
Specific gravity |
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molecules in osmols to the amount of solvent in kg is the
osmolality. On the other hand, the osmolarity is the number
of osmotically active molecules in osmols per liter of solu-
tion. It gives a poorer indication of the osmotic conditions
of a solution, since in this definition, the volume of the
molecule of the dissolved substance in the solution is also
integrated into the formula.

This volume is very variable. The difference between
osmolality and osmolarity is quite considerable for con-
centrated solutions of a highly molecular substance, as for
example, plasma with its protein content.

For biological purposes, the osmotic pressure of
solutions of different substances is measured by the fall in
the freezing point. It is given in milliosmol/kg water (mOsm/
kg H,0).

When the osmolality in the extracellular
space rises, intracellular fluids flow into the
extracellular space. Dehydration, fever, and
death may result. The limits of plasma osmolality
compatible with life lie between 250 and 350
mOsm/kg H,0. A fall in the extracellular
osmolality leads to the flow of water into the
intracellular space with water intoxication.
Brain edema, epileptic fits and death can then
occur.

When the serum osmolality rises, water
excretion through the kidneys is reduced to an
absolute minimum. The thirst center is stim-
ulated and the thirst sensation secures then
an adequate water intake.

B) Water Reabsorption in the Proximal and
Distal Tubules of the Nephron

The plasma undergoes simple filtration in the
renal glomerula. Protein and formed elements
of the blood are retained in the plasma, while
water and all the normally present solutes pass
on into the tubule with the so-called primary
urine. In the human, the primary urine formed
is 100 liters/24 h/m? body surface, or 180 liters
daily for an adult of average body weight.
The amount of solutes is 31 osmol/m? of body
surface.

About 30 osmol solutes are actively re-
absorbed from the isotonic primary urine in
the proximal tubule. The amount of water in
the isotonic solution passively reaches the
peritubular bloodstream. This occurs by means
of the “‘osmotic suction” which exists after the
active reabsorption of the solutes. The proximal
tubule expends no energy for osmotic work
during this process of reabsorption since the end
effect of the reabsorption is an isotonic solution.
Overloading with osmotically active substances
such as glucose, mannitol, and urea, etc. can
decrease the reabsorption so that they have a
diuretic effect. Reabsorption from the proximal
tubule is otherwise dependent of the tubular
volume (BRUNNER, 1966). So 15 liters of water
and 1 osmol or 3% of the total solutes originally
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contained in the primary urine reach the
ascending limb of Henle’s loop.

The mammalian kidneys can limit the water
loss from the body to the necessary extent
through vasopressin-regulated water reabsorp-
tion in the distal tubules and the collecting ducts.
The mammalian kidneys employ the counter-
current multiplier system for this variable water
reabsorption. This system, which is used tech-
nically and has a wide spread throughout many
animal species (SCHOLANDER, 1957), permits a
high osmotic effect to be achieved with rel-
atively low energy expenditure and the urine
to be concentrated in the collecting ducts
(Wirz, 1960). In animals the ability to con-
centrate urine is dependent on the formation of
Henle's loop. Beavers have a short Henle’s
loop and can concentrate the urine to 600
mOsm/kg. Rabbits, with long and short loops,
can concentrate up to 1400 mOsm/kg, as can
the human. The sand rats in the desert, however,
with an exceptionally long loop and a singular
renal papilla penetrating far into the ureter can
survive without water and concentrate the
urine to 20 times the serum osmolality, i.e. up
to 6000 mOsm/kg (O’DELL, 1960). Sodium is
actively reabsorbed in the ascending limb of
Henle’s loop, which is impermeable to water.
The sodium is then released into the extra-
cellular fluid of the surrounding tissues, as well
as into the lumen of the descending limb of the
loop. A high concentration of sodium thus
circulates in the portion of Henle’s loop
lying towards the papilla and exerts a high
osmotic pressure on the surrounding tissues.
This pressure increases from the renal cortex
towards the medulla, and in the human it is
approximately 4 times higher in the papilla. The
isotonic urine from the proximal tubule thus
becomes first hypertonic at the tip of Henle's
loop. Since, however, urinary sodium but no
water is removed from the ascending limb of
the loop, hypotonic urine reaches the distal
tubules. In the absence of vasopressin, the
epithelium of the distal tubules and of the
collecting ducts is only slightly permeable to
water, and the kidneys then excrete hypotonic
urine. In antidiuresis, vasopressin is released.
This opens the pores of the distal tubules and
the collecting ducts to water so that the urinary
water is passively withdrawn through the hyper-
tonic medullary tissue in proportion to the
osmotic gradient. “Free water” which is not
bound osmotically is no longer excreted with
the urine. The free-water clearance becomes
zero or negative. The site of action of vaso-
pressin lies in the epithelia of the collecting
ducts and distal tubules. It is not known whether
vasopressin also affects the descending limb of
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Henle’s loop by opening the pores to sodium or
whether vasopressin promotes sodium reab-
sorption in the ascending limb (Wirz, 1961).
Adhesion of labeled pitressin can be de-
monstrated by autoradiography in the distal
tubule and in the collecting ducts. However,
autoradiographic methods are not possible in
the thin segments of Henle's loop (DARMADY,
1960). In any case, under the influence of vaso-
pressin, more sodium is retained in the renal
medulla (LEVETIN, 1962). No vasopressin is in
circulation during the state of maximal hy-
dration and maximal diuresis. The distal tubules
and collecting ducts are water impermeable.
Hypotonic urine is transported uninfluenced
through the hypertonic medullary tissue. In the
state of maximal antidiuresis, the epithelia of
the distal tubules and collecting ducts are freely
permeable to water. Urinary water is removed in
proportion to the osmotic pressure of the extra-
cellular fluid of the medullary tissue until the
two osmotic pressures are similar (GOTTSCHALK,
1959). This osmotic pressure in man is approx-
imately 4 times the plasma osmolarity or
1200-1400 mOsm/l. Some authors (JAENIKE,
1961; 1964; GARDNER, 1964) suppose that vaso-
pressin also increases the permeability of the
collecting ducts to urea, which takes part in the
circulation of the countercurrent system during
antidiuresis and contributes to the hypertonicity
of the medullary tissue (SCHMIDT-NIELSEN, 1958).
This hypothesis, however, has been rejected by
others (GRANTHAM, 1966).

An average antidiuresis is necessary for the
excretion of an isotonic urine. Small quantities
of vasopressin open the pores of the collecting
ducts and of the distal tubules to such an
extent that osmotic equalization with the hyper-
tonic medulla is not fully achieved.

A second countercurrent-exchange system
exists in the vasa recta of the renal medulla.
In contrast to the epithelium of Henle’s loop.
the walls of the vasa recta are freely permeable
to both water and electrolytes, so that the
osmolality of the blood in the vasa recta is
always the same as that of the surrounding
tissue. The vasa recta supply the medullary
tissue with oxygen and nutritives and remove
the reabsorbed free water. The loop-shaped
arrangement of the vessels prevents the loss of
the high concentration of electrolytes in the
medulla through the blood flow. Blood elec-
trolytes from the ascending limb are transferred
into the hypotonic blood in the descending
limb, and water from the descending limb
enters the ascending limb. During maximal
diuresis the blood supply to the medulla is
accelerated (THURAU, 1960). It is still undecided
whether the increased medullary blood circula-
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tion leads to the removal of electrolytes from the
medulla with a decrease in the medullary hyper-
tonicity (the “wash-out effect”, BUCHBORN,
1964), or whether the diminished medullary
hypertonicity causes an increase in circulation.
Highly concentrated urine cannot be obtained
when the medulla is insufficiently hypertonic,
despite the presence of vasopressin and the
water-permeable epithelium of the collecting
ducts. A maximal but unphysiologic anti-
diuresis can be achieved in addition to the effect
of vasopressin by reduction of the glomerular
filtration by less than 30%.

Factors Influencing the Antidiuretic Effect of
Vasopressin. The antidiuretic effect of vaso-
pressin usually decreases slowly after several
days of excessive water intake, and the effect
steadily increases again with limited water
intake. This decrease in the concentration power
is related on one hand to the loss of the medullary
hypertonicity (the “wash-out effect”’) (THURAU,
1960; KRAMER, 1960; BUCHBORN, 1964). On the
other hand, the concentration power may be
affected by the thickening of the basal membrane
of the pars recta of the proximal tubule and the
following portion of Henle’s loop due to the
chronic hydration (Pick, 1966).

In newborns, vasopressin has no antidiuretic
effect during the first 3 days of life, although
endogenously formed vasopressin not attached
to neurophysin circulates freely (DICKER, 1966).
In nephrogenic diabetes insipidus vasopressin
exerts no or only very limited antidiuretic
effects (see p. 53). Hypercalcemia also causes a
diminished antidiuretic effect, but here this
is most probably explained by the obstruction
of individual tubules (BANK, 1965). In addition,
there are morphological changes in the epithelia
of the distal nephron in hypercalcemia (CARONE,
1960), and the permeability of the cells to water
may be decreased. The passive absorption of
water from the collecting ducts thus remains
inadequate (CARONE, 1960; MANITIUS, 1960).

Hypokalemia leads to tubular nephropathy
with polyuria and hyposthenuria (RELMAN,
1956). In hypokalemia, the countercurrent mech-
anism is probably impaired by the diminished
sodium transport in the ascending limb (BANK,
1964; BRUNNER, 1966). Using the model of a
toad’s bladder, it was shown that a normal
ionic concentration is necessary for the full
effect of vasopressin (SCHWARTZ, 1967).

Maximal diuresis is not possible in adrenal
insufficiency and the capacity for concentration
may sometimes be limited. Diminished sodium
reabsorption with insufficient medullary hyper-
tonicity is probably responsible for the im-
paired concentration process. The disturbance
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in diuresis is attributable to the decreased
glomerular filtration, the fall in the extra-
cellular fluid volume, and in particular, to the
loss of water impermeability in the collecting
ducts (KLEEMAN, 1964) (see p. 305); the increase
in vasopressin secretion due to the lack of
glucocorticoids may also be a contributory
factor (DINGMAN, 1960).

High doses of parathormone and vitamin D
result in resistance to vasopressin. This effect
is not only due to the hypercalcemia, but in
particular to the decrease in sodium reabsorption
and an insufficient sodium-urea concentration
in the renal medulla (EPSTEIN, 1959; PICKFORD,
1966).

When the amount of solute is constant,
the volume of urine is inversely proportional
to the release of vasopressin. If this hormone
is absent, the urine volume is proportional to
the quantity of the solutes. The solutes are
related to the diet as well as to the amount of
the body’s breakdown products. The quantity of
the endogenous solutes can be reduced to
200 mOsm per day with suitable carbohydrate
intake. Only 135 cm® of urine with an osmo-
lality of 1500 mOsm/kg H,O is necessary to
get rid of this amount. Consequently, this is the
smallest possible physiological urine volume.
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Fig. 3. Limits of the tolerable water intake related to the
diet (according to KERRIGAN, 1955) (G/W: glucose-water
intake)

Minimum and maximum tolerable water
intake is therefore dependent on the quantity
of the solutes and can be estimated from the
fixed osmotic limits of the urinary volume after
correction for the water loss due to insensible
perspiration and water formed by oxidation
(KERRIGAN, 1955).

Vasopressin exerts its antidiuretic effect on
the denervated and isolated kidney. Contrary to
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suggestions (GINETZINSKY, 1958), the mode of
action in the distal tubules and collecting ducts
is not related to the liberation of hyaluronidase
(BERLYNE, 1960). It is due either to a chain
reaction between the disulfide links of vaso-
pressin and the epithelial SH-radicals opening
the pores (SCHWARTZ, 1964) although oxytocin
derivatives without disulfide links also exert an
antidiuretic effect, or to the enhanced formation
of cyclic 3',5-AMP (ORLOFF, 1967; GRANTHAM,
1966). The action of vasopressin is independent
of oxidative metabolic processes and is not
related to a protein or enzyme system since
puromycin and actinomycin D do not inhibit
its action (RASSMUSSEN, 1960). Using the model
of the toad’s bladder in which the epithelium
behaves like that of the collecting ducts, it has
been demonstrated that vasopressin makes a
dense impervious layer permeable to water and
urea, whereas a second layer impermeable to
dissolved substances can only be affected by
amphotericin (LEAF, 1967). Vasopressin in phy-
siological doses has no direct effect on elec-
trolytic excretion, but in unphysiologically high
doses, it has some influence through alterations
in blood pressure and changed filtration con-
ditions.

Physiological amounts of vasopressin do
not directly influence glomerular filtration,
the renal plasma flow or the different clearances,
with the exception of the free water clearance.
An extrarenal effect of vasopressin resulting in
a shift of electrolytes from the extra- into the
intracellular space has not been proven.

¥) Other Effects of Vasopressin

Vasopressin causes capillary and arteriolar
constriction in the skin, the connective tissue,
the internal organs, the smooth muscle of the
gastrointestinal tract, the myocardium, and to
a lesser degree in the musculature. The arterioles
of the splanchnic area are particularly affected.
Capillary constriction alone, however, does not
explain the increase in the blood pressure. The
effect on the blood pressure due to extracts of
the posterior pituitary is probably of no physio-
logical significance. It would seem more likely
that vasopressin does produce a pharmacological
action, since even in diabetes insipidus the blood
pressure is normal. Vasopressin exerts a CRF-
like effect on the anterior pituitary (see p. 300)
which is probably of no physiological impor-
tance, but which can be employed diagnostically
(see p. 388). Nor is the ACTH-like effect on the
dog’s adrenals (HiLTON, 1960) of any physio-
logical significance in man. This also applies to
the other actions of vasopressin; namely, the
insulin-like effect, the antilipolytic action on
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adipose tissue (MIRSKY, 1963; BALASSE, 1966)
and the glycogenolysis in the liver with hyper-
glycemia achieved by high doses of vasopressin
in the dog (BERGEN, 1960). It has been suggested
that in addition to its antidiuretic effect, vaso-
pressin also influences the kidneys through the
thirst center (PASQUALINI, 1959). From clinical
observations, however, this appears improbable.
There have recently been suggestions that vaso-
pressin may have an effect on the transport of
water and sodium in the small bowel. Either
more water and sodium are secreted into the
lumen of the bowel under the influence of
vasopressin or the active transport of sodium
from the lumen is inhibited (SOERGEL, 1968).

4. Interrelations

a) Anterior Pituitary Gland

Normal nutritional and electrolytic intake and
metabolism are necessary for polyuria to be-
come manifest. With failure of anterior pitui-
tary function this is no longer possible. Polyuria
disappears and becomes apparent again only
after adequate replacement therapy.

Glucocorticoids, thyroid hormones and
growth hormone promote renal blood supply
and glomerular filtration. Lack of glucocor-
ticoids causes a change in the cell permeability
with a shift of the extracellular fluid into the
intracellular space. The permeability of the
collective ducts cannot then be reduced. Thus,
polyuria disappears in diabetes insipidus sub-
sequent to failure of the anterior pituitary gland.
It is unnecessary to invoke a previously pos-
tulated anterior pituitary substance, ““diuretin”,
which does not exist.

b) Deoxycorticosterone — *‘ Pseudodiabetes
Insipidus™

A syndrome similar to diabetes insipidus can
be produced in the dog with high doses of
deoxycorticosterone. Only polyuria, polydipsia,
and the low specific gravity of the urine are
common to ‘“‘pseudodiabetes insipidus” and
genuine diabetes insipidus. In contrast to the
state of dehydration in diabetes insipidus,
there is over-hydration in the “pseudo” syn-
drome, and the polyuria is uninfluenced by
vasopressin but is affected by salt withdrawal.
In true diabetes insipidus, polyuria can be
decreased only to a limited extent by salt
withdrawal. Deoxycorticosterone causes reab-
sorption of abnormally large amounts of sodium
but also its increased filtration—the ‘“‘escape
phenomenon”. Because of this, the extra-
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cellular fluid increases. Vasopressin secretion is
insufficient and there is a simultaneous sensation
of thirst which leads to polydipsia and to
secondary polyuria. The low specific gravity of
the urine is due to the total sodium reabsorption.
In contrast with vasopressin, deoxycorticoste-
rone has no influence on water metabolism
when salt has been removed from the diet.

E. Hypofunction of the Hypothalamic-
Neurohypophyseal System:
Diabetes Insipidus

1. Definition

Diabetes insipidus is a disease characterized by
the inability to concentrate urine and by
polyuria of 5 to 20 liters daily with correspond-
ing polydipsia. The disease is due to disorders in
the formation or release of vasopressin. Ne-
phrogenic diabetes insipidus is not due to the
lack of vasopressin, but to a failure of the distal
tubules to respond to vasopressin.

2. Incidence

Diabetes insipidus is an uncommon disease. It
occurs somewhat more frequently in males than
in females. It arises during the first decade of
life in almost half the patients. In the Zurich
Medical in-patient clinic (1958-1968), the disease
was found 28 times in 35164 patients, with a
clear preponderance of the symptomatic forms.

3. Etiology, Pathology, and Pathogenesis of
Diabetes Insipidus

a) Etiology

Table 4 gives a summary of the different causes
of diabetes insipidus.

The relative incidence of the different etiolo-
gies is given in Table 5.

b) Pathogenesis of the Symptomatic and
Idiopathic Diabetes Insipidus

“Central” diabetes insipidus is caused by inad-
equate water reabsorption in the distal nephron
due to the absence of vasopressin. It is still
unknown to what extent the disorder is due to
impaired formation or release of vasopressin.
It is also unknown whether two different types
of diabetes insipidus can be differentiated on
this basis. It is probable that in “idiopathic”
diabetes insipidus, there is a failure of the
osmoreceptors. Although it has been suggested
that diabetes insipidus may result from increased
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Table 4. The different causes of diabetes insipidus

1. Failure of vasopressin

I1. Vasopressin ineffective

—_

. Damage to the hypothalamo-neurohypophyseal system, symptomatic diabetes insipidus 1. Nephrogenic hereditary,

a) Tumors, in particular cysts, craniopharyngioma, gliomas, tumors of the anterior pi-
tuitary, metastases, storage granulomas (HAND-SCHULLER-CHRISTIAN)®

vasopressin-resistant
diabetes insipidus

b) Inflammatory diseases: encephalitis, meningitis, granulomatous processes such as TB,
syphilis, sarcoidosis, lymphocytic neurohypophysitis (Sarto, 1970)

c) Degenerative, in particular vascular destruction
d) Traumatic damage
e) After therapeutic hypophysectomy

2. Hereditary diabetes insipidus, morbid anatomy mainly negative

3. Primary *idiopathic ™ diabetes insipidus, unknown etiology

 The Sternberg-Priesel’'s nodules which are typical to the posterior pituitary and pituitary stalk can occasionally form larger
tumors described as tumorettes. They can, but need not give rise to endocrine disorders.

inactivation of vasopressin in the liver and
kidneys (HANKISS, 1961), there has so far been
no experimental support for this. The human
can form antibodies to posterior pituitary
extracts (ROTH, 1966); however, their clinical
significance has not been evaluated. Disturb-
ances in the regulation of diuresis become
obvious when more than 85% of the neurons
in the hypothalamic-neurohypophyseal system
are lost. The full clinical picture does not appear
until there is 95% failure.

An intact anterior pituitary and its dependent
endocrine glands must be present before poly-
uria and the complete picture of diabetes
insipidus can develop (see p. 48) since failure
of these glands leads to disturbed renal func-
tion. Glomerular filtration may then decrease,
and cortisol is necessary to ‘“‘seal off” the

Table 5. Etiological classification of 124 cases of diabetes
insipidus. [According to BLOTTNER: Metabolism 7, 191
(1958)]
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Idiopathic

Primary brain tumor
Metastatic brain tumor
Syphilis

Hereditary diabetes insipidus
Postencephalitic
Xanthomatosis

Myeloid leukemia

Infectious chorea

Cranial fractures

Malignant lymphoma
Sarcoidosis

Cerebral arteriosclerosis
Birth injury

Calcification of the internal carotid artery
Postvaccinal

Basal arachnoiditis
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collecting ducts so that maximal diuresis can
occur. In addition, the responsive threshold of
the osmoreceptors is raised by cortisol (AUBRY,
1965). Reduced nutritional intake may also
have some effect in this regard. It has been
observed that polyuria regresses when the
posterior pituitary process attacks the anterior
pituitary. The renal inability to concentrate
continues despite the reduced polyuria, and
consequently, diabetes insipidus may first be-
come apparent when cortisone is substituted in
failure of both pituitary lobes.

A concentrating power of up to 1016 may
be maintained after selective loss of the pi-
tuitary without destruction to the hypothalamus
such as occurs after surgical removal of the
pituitary gland. From this it can be deduced
that vasopressin can be further secreted under
these conditions. Secretory transmitting fibers
of the supra-optic and paraventricular nuclei
partly terminate at the vessels of the pituitary
stalk and immediately under the ependyma.
Fibers of the supraoptic-neurohypophyseal tract
may regenerate after division and form a sort
of replaced posterior lobe with blood vessels of
the proximal stump (BARGMANN, 1968). See
p. 52f. for the three phases of the course of
postoperative diabetes insipidus. For the rare
coincidence of diabetes insipidus and SHEEHAN’S
syndrome (AGUILO, 1969), see Chap. V, p. 93.

4. Clinical Features and Symptoms of Idiopathic
and Symptomatic Diabetes Insipidus

a) History

Polyuria and subsequent polydipsia can arise
overnight or may develop gradually. Polydipsia
and enuresis can occasionally precede the
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ability to concentrate urine and if these persist
for a long time, sometimes result in children
being unfairly labeled neurotics (FANCONI, 1956).
According to SMiTH (1951), 50% of patients
with diabetes insipidus excrete a urine volume
of between 4 and 8 liters; 25% of patients
excrete between 8 and 12 liters. A urinary output
of up to 40 liters has been described in the
literature. This amount of urine is theoretically
possible. Within individually set limits, however,
the volume of urine is largely dependent on the
serum content of the substances to be excreted
in urine. Thirst caused by fluid withdrawal has
a compulsive character. Patients drink every-
thing available to them, even their own urine. If
no fluid is replaced, polyuria continues leading to
dehydration with dry tongue, fever, delirium,
and collapse. In a baby, an unexplained fever
is often the first symptom of diabetes insipidus.
This thirst fever is characterized by the fact that
the maximum rise is usually found in the
mornings, in contrast to fever due to inflam-
mations.

Possible causes of a lesion in the hypo-
thalamic region must be precisely searched for
while taking the case history. Inflammatory
diseases and tumors must be excluded. The
family history must be investigated. In contrast
to the severe mental disorders due to failure of
the anterior pituitary, insufficiency of the hypo-
thalamo-neurohypophyseal system does not lead
to severe psychological disturbances. Thirst is
an immediate result of the excessive loss of
water, and it is pointless to interpret the thirst
of a patient with diabetes insipidus as a deep-
seated psychological disturbance of the instinc-
tual sphere. BLEULER (1954) clearly and decidedly
objects to the psychiatric approach of diagnosis
and therapy of diabetes insipidus.

b) Symptomatology

Apart from the dry skin and frequently de-
hydrated mucous membranes, examination of
the patient does not reveal any special features.

Polyuria with great water loss which cannot
be rapidly compensated through adequate intake
results in a series of indirect symptoms: con-
stipation, inadequate saliva flow, absence of
sweat secretion. Sleep disturbances due to the
thirst can cause the patient to be irritable and
to show neurasthenic symptoms. Polyuria and
polydipsia do not have any negative effects on
kidneys and circulatory organs even after dec-
ades.

In the presence of a destructive process in
the hypothalamus, diabetes insipidus can be
associated with disturbances in the visual fields,
signs of total or partial insufficiency of the
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adenohypophysis, pressure symptoms on the
brain, and other hypothalamic syndromes (see
p- 32). Even in the absence of neurological
symptoms, all patients with diabetes insipidus
should at least have an X-ray of the skull and a
lumbar puncture and possibly a pneumoen-
cephalography to exclude the symptomatic form.

Features due to the lack of oxytocin are not
as a rule found in association with diabetes
insipidus. Even pregnant women suffering from
diabetes insipidus give birth normally.

¢) Findings in Urine and Plasma

The most important laboratory finding is a
24-hour urinary output of over 4 liters of clear
urine, devoid of sugar and protein, and with a
specific gravity which seldom exceeds 1005.
The urinary sodium chloride concentration is
low, although the amount of NaCl in the
24-hour output is normal. The urine is almost
always hypotonic and its osmolality does not
exceed that of the plasma, 300 mOsm/kg H,O
(see p. 46). In the absence of vasopressin, the
free water clearance which reflects the ‘renal
excretory power for free, as against osmotically-
bound water is usually positive. Estimation of
the plasma osmolality can differentiate between
diabetes insipidus and polydipsia. The test is
carried out in the morning in the fasting state
and with free water intake, or better still, after
6-8 hours of water deprivation. The plasma
osmolality in diabetes insipidus is 300 mOsm/kg
H,O or more, whereas in polydipsia, it is under
295 mOsm/kg H,0O (RoMaNI, 1965). The plasma
osmolality is always higher than the urine
osmolality in diabetes insipidus after 8 hours of
water deprivation (PRICE, 1966).

5. Special Forms of Diabetes Insipidus

a) Diabetes Insipidus after Injury, Therapeutic
Hypophysectomy or after Section of the Pituitary
Stalk

Experiments in animals have shown that loss
of more than 85% of the neurons in the hypo-
thalamic-neurohypophyseal system gives rise to
a partial diabetes insipidus, whereas failure of
more than 95% is necessary for the development
of a full-blown diabetes insipidus. Similar
observations were made after therapeutic hypo-
physectomy for treatment of carcinoma of the
breast and prostate and in diabetic retinopathy.
The resultant diabetes insipidus is usually mild,
presents special symptoms, and runs a special
course. The urinary output varies from day to
day and is usually between 3-4 liters. The
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average specific gravity is 1010, but the concen-
tration power may reach 1016. The Hickey-
Hare test using hypertonic saline infusion is
usually pathologic but can sometimes be normal.
In the majority of cases, diabetes insipidus does
not develop after transsphenoidal subdiaphrag-
matic hypophysectomy. The risk of diabetes
insipidus is not predictable in transfrontal hypo-
physectomic or division of the pituitary stalk.
Furthermore, there is no relation between the
completeness of the hypophysectomy and the
severity of the diabetes insipidus that may result.

Three phases have been observed in animal
experiments and after therapeutic hypophysec-
tomy in man.

1. Immediate polyuria, arising within min-
utes or hours of the lesion and continuing for
hours or days.

2. The intermediate phase with normal uri-
nary output, which can last for a few hours to
3 days.

3. The permanent state with diabetes insipidus
of variable severity. All combinations of the
three phases are possible. The immediate poly-
uria can disappear, and permanent polyuria
may arise days later without going through
phase 1 or phases 1 and 2.

It is assumed that phase 1 is due to a release
disturbance caused by the traumatic shock to
the neurohypophysis. The polyuria subsequently
regresses due to the mobilization of vasopressin
(Kovacs, 1962). This continues until phase 3,
when the increasing degeneration of the supra-
optico-neurohypophyseal tract reaches the nu-
clei, resulting in destruction (SHARKEY, 1961).

Experience has taught us that treatment is
not always indicated in the transitory first
phase. The treatment of the permanent phase
depends on the degree of polyuria.

Vasopressin may be produced; however,
loss of the neurohypophysis, the storage organ
of vasopressin, causes a disturbance in the
release mechanism.

b) Hereditary Central Diabetes Insidipus

The hereditary form of diabetes insipidus it not
common. At present, there are only 25 families
known to be suffering from this inherited
disease.

Usually no patho-anatomical changes are
found in the hypothalamus. Hypoplasia of the
ganglion cells of the supra-optical and para-
ventricular nuclei is claimed to have been found
in only a few cases.

The disease is inherited by a simple dom-
inant gene. There is a 1:1 ratio between the
diseased and healthy descendants. The male sex
is more prone to show manifestations of the

disease, and 64% of the cases have occurred in
males. The reason for the less frequent mani-
festation in women is not known (MARTIN,
1959). The disorder usually becomes apparent
in very early adolescence.

In addition to the simple dominant inher-
itance, families are known which have sex-
linked recessive inheritance, where only the male
shows manifestations of the disease (FORSSMAN,
1955). A third mode of inheritance through an
autosomal recessive gene has been described in
rats (VALTIN, 1967).

In contrast to the nephrogenic diabetes
insipidus, there is no vasopressin resistance.

Consequently, the disorder is due either to
a disturbance in the osmoreceptors (MARTIN,
1959) or, according to limited postmortem
findings, to atrophy of the supra-optical nucleus
and the neurohypophysis. In the inherited
diabetes insipidus described in rats, hyper-
trophy of the system was found (VALTIN, 1967).

¢) Nephrogenic, Vasopressin-Resistant,
Hereditary Diabetes Insipidus

This uncommon congenital and hereditary form
of diabetes insipidus usually exhibits pro-
nounced polyuria, polydipsia and hyposthe-
nuria. The disease becomes apparent soon
after birth, although the typical symptoms can
be masked in the infant by dehydration, fever,
vomiting, and convulsions (GAUTIER, 1956).
Experienced mothers make these infants drink,
holding them directly under the tap (‘‘water-
babies”).

In the fully-developed illness, the urinary
output in the adult is always more than 8 liters.
It is, however, dependent upon osmotic load
and especially the sodium intake. The urine
osmolality lies between 50 and 100 mOsm/kg
H,O0. Under osmotic stress, it should never rise
above 280. The specific gravity is usually 1005
and 1010 in osmotic diuresis. All the men
observed presented the full picture. In the few
affected women, the full-blown disorder was
present or there was only a mild form with a
concentration power of up to 1019. In addition,
acquired hyperuricemia and occasionally gout
have been observed (GORDEN, 1971).

a) Pathogenesis

Vasopressin is produced and released normally;
moreover, it is not metabolized rapidly and can
be demonstrated in both plasma and urine of
these patients (HOLLIDAY, 1962/63). However,
there is a lack of response in the distal nephrons
to endogenous and exogenous vasopressin, as
well as to the synthetic lysin-vasopressin. Uri-
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nary flow and urine osmolality are not in-
fluenced in any way by concentrations of vaso-
pressin which are high enough to exert definite
side effects on the vasomotor system and the
gastrointestinal tract. No morphological changes
are found at post mortem. The significance of a
shortened proximal tubular segment, which has
been observed on two occasions, is unknown
(McDONALD, 1955). Occasionally hydronephro-
sis and bladder hypertrophy have been ob-
served, resulting from the voluntary urine
retention with the polyuria. The acquired hyper-
uricemia occurring only in adults is due to a
low endogenous uric acid clearance, probably
connected to the low renal plasma flow and
high filtration fraction (GORDEN, 1971).

B) Differential Diagnosis

All conditions of nephrogenic polyuria come
into the differential diagnosis (see Table 6,
p. 56). The response to vasopressin in all the
other conditions of nephrogenic hyposthenuria
is merely diminished and not abolished.

v) Genetics

Heterozygous women transmit the inheritance
on the X chromosome. The expressivity of the
disorder is variable. Men become clinically ill.
The women are carriers but can also demonstrate
abortive forms of the illness. In an investigation
of a family of Ulster Scots which came to Nova
Scotia in 1761 on the ship Hopewell, over 9
generations confirm this mode of inheritance.
The folklore relates the illness to a curse of a
gipsy (BODE, 1969). It is assumed that in certain
families inheritance is autosomal. However,
this has not been definitely proven.

8) Therapy

It is most important to allow the patient to
drink as much as he needs. The danger is acute
for infants since brain damage can result from
repeated dehydration. When the patient is
inconvenienced by the frequent drinking and
urinary output, it is advisable to restrict the
salt in the food and to give thiazide-diuretics as
well with concurrent potassium and allopurinol
(GorDON, 1971) administration. The procedure
is described on p. 60ff.

In acute dehydration when the patient is
unable to drink, a hypotonic glucose solution
should be given intravenously. A 2.5-3%
glucose solution should be used, since this
causes neither hemolysis nor a temporary rise
in the plasma osmolality due to osmotic diuresis
as would occur with a 5% glucose solution.
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d) Lithium-Induced Nephrogenic Diabetes
Insipidus

Lithium carbonate is widely used in the treat-
ment and prophylaxis of manic-depressive dis-
ease. In man and in animals, chronic administra-
tion application of lithium salts can cause an
insensitivity of the kidneys to vasopressin and
lead to a reversible nephrogenic diabetes insip-
idus. Similar observations have been made with
magnesium, manganese, and caesium. Whether
these salts act by inhibiting activation of cyclic
AMP or by a similar mechanism is not yet
decided (Editorial 1972; SINGER, 1972).

e) Occult Diabetes Insipidus (see also p. 55)

The inadequate fluid intake and resultant small
urinary output differentiate the occult diabetes
insipidus in babies and small children from the
usual diabetes insipidus. In babies the thirst
center is at first hyposensitive, and there is a
particular tendency to become dehydrated and
to develop fever and a hyperelectrolytemia.
These cases often turn out to be nephrogenic
diabetes insipidus. As the patient grows older,
the thirst mechanism gradually or suddenly
begins to function. This usually occurs after
the 10th month. The occult diabetes insipidus
is then converted into a manifest diabetes
insipidus. Disturbances of the thirst center must
be distinguished from true diabetes insipidus
with inadequate fluid intake (see p.55).

f) Transitory Diabetes Insipidus

A few cases of transitory diabetes insipidus have
been observed (KEDES, 1964). The pathogenesis
is unexplained. Although antibodies to lysin-
vasopressin can occur in man, none have been
demonstrated in this form of diabetes insipidus
(ROTH, 1964). It has been suggested that diabetes
insipidus can arise from increased breakdown
of vasopressin (HaNKIss, 1961). This, however,
will remain uncertain until such cases are
reinvestigated with sensitive radioimmunoassays
for vasopressin.

6. Primary Polydipsia

A primary irritation of the hypothalamic thirst
center leads to excessive water intake of up to
20 liters with consequent polyuria. This is most
often due to neurotic factors (dipsomania,
potomania) and seldom to an organic lesion.
Neurotic polyuria is usually connected with
changes in character and psychic disorders, such
as hysteria. Four-fifths of the patients are
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women. The polydipsia usually develops grad-
ually over weeks or months and may run an
intermittent course. Character changes due to
the illness may, however, also occur in true
diabetes insipidus (ANGST, 1963). Therefore,
it may be very difficult to differentiate primary
polydipsia from diabetes insipidus, and this is
usually only possible after several days of
hospitalization or by observation of the course.
It is particularly difficult to establish the di-
agnosis since persistent polyuria of more than
three days duration, as well as over-hydration
may lead to a relative renal vasopressin resist-
ance. Estimation of the plasma osmolality in
the morning in the fasting state but with free
water intake reveals an important difference.
Patients with diabetes insipidus are usually
somewhat dehydrated after a night of unbroken
sleep, and the plasma osmolality is more than
300 mOsm/kg H,O. In polydipsic patients the
plasma osmolality is slightly reduced. Therefore,
the fasting plasma osmolality of patients with
diabetes insipidus is generally different from
that of polydipsic patients. The osmolality of
both types of patients can, however, overlap
with normal values. Estimation of the plasma
osmolality after 6-8 hours of water restriction
would permit an even more definite differen-
tiation between diabetes insipidus and poly-
dipsia (RomMANI, 1965). The water deprivation
test alone, or the Hickey-Hare test alone, can
give misleading results since in the latter test,
a sufficient hypertonicity of the diluted plasma
cannot be attained. In the water deprivation test
lasting 24 hours or longer the overhydrated pa-
tient excretes excess water with a loss in weight.
Antidiuresis cannot commence in either of these
two tests. Even when the water deprivation test
is continued long enough for a normal or
elevated plasma osmolality to be reached, the
renal response to vasopressin, in the presence
of intact osmoreceptors, is only insufficient
in polyuric conditions. A comparison between
the concentration capacity in the water depriva-
tion test and after intravenous vasopressin can
help here. When carried out under the same
osmotic conditions, a urine concentration which
is higher in the water deprivation test than
after intravenous vasopressin indicates poly-
dipsia. A concentration which is higher after
intravenous vasopressin than in the water
deprivation test suggests diabetes insipidus
(BArRLOW, 1959). The depot-pitressin test usu-
ally gives a more reliable result. It is carried
out as follows: fluid intake is unrestricted.
On the morning of the first day of the test,
a placebo, such as sesame oil, is given in-
tramuscularly. The urinary output of patients
with diabetes insipidus is uninfluenced. The

fluid intake decreases in some dipsomanic
patients. On the following morning, when the
fluid intake and urinary volume remain unal-
tered, 5 units of pitressin tannate in oil are
injected intramuscularly. In diabetes insipidus,
the polyuria is reduced, and with suitable intake,
the patient is clinically improved. The dipso-
manic patient will, however, continue to drink,
will feel unwell, will put on weight until the
signs of water intoxication develop: nausea,
headache and epileptic fits. In some poly-
dipsic patients, however, the feeling of thirst
may disappear once a certain overhydrated
state has been reached. The ‘“‘dipsostat™, the
thirst center, is set for overhydration, i.e.,
for a lower osmolality.

Organic polydipsia can usually only be
suspected during life when it occurs together
with other hypothalamic symptoms such as
fever, emotional changes, and partial anterior
pituitary deficiency. Polydipsia or adipsia may
occur in hydrocephalus (HAGEN, 1967). Organic
polydipsia can be combined with a true, or
possibly a partial, diabetes insipidus. The diag-
nosis can then be very difficult.

7. Adipsia, Usually Associated with (Partial)
Diabetes Insipidus

( Central Hyperelectrolytemia Diabetes Insipidus
Occultus Hypersalemicus FANCONI)

In the few cases in which an organic lesion has
been definitely diagnosed, polydipsia as a symp-
tom of the irritation has preceded the later
failure of the thirst center by years. Tumors have
been described as the cause of this hypothalamic
lesion, particularly often ectopic pineoloma.
Traumatic hemorrhage, and inflammation are
other causes. The disturbed realization of
the feeling of thirst, adipsia, results in so-
called central hyperelectrolytemia. The serum
sodium may lie between 160-180 mEq/l, cor-
responding to an osmolality of 320-360 mOsm/
kg. The increase of plasma electrolytes is not
unlimited, but a new state of equilibrium with
relative and absolute hypertonic dehydration
becomes established. The plasma volume is
unaltered. Intra- and extracellular fluid volumes
are decreased. Normal conditions can be re-
established by forced fluid intake with simul-
taneous vasopressin administration. The previ-
ous false adjustment is immediately resumed on
the withdrawal of the vasopressin and water.
Regulation of the volume is still intact, whereas
osmoregulation is disturbed. An additional rise
in the osmolality does not result in increased
release of vasopressin so that in the majority
of cases, a partial diabetes insipidus is also
present. Adipsia and diabetes insipidus together
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produce the occult hypersalemic diabetes in-
sipidus (FANCONI, 1956). In the baby and small
child the perception of thirst is only slight.
Diabetes insipidus can therefore easily lead to
dehydration and hyperelectrolytemia, that is to
say, an occult diabetes insipidus can develop in
the absence of an organic lesion in the thirst
center. On the other hand, hemorrhage and
thrombosis of the brain can produce hyper-
natremia, especially in infants (COOKE, 1960).
The diagnosis of organic adipsia or central
hyperelectrolytemia must only be made when
clouding of consciousness and intellectual defects
can be excluded as causes of the disturbed water
intake.

8. Differential Diagnosis of Diabetes Insipidus

In a typical case, the diagnosis can be made
simply from the history. However, it may be
difficult to differentiate the disease from psy-
chogenic or organic polydipsia, since they both
lead to vasopressin hyposensitivity. In addition
to diabetes insipidus in organic hypothalamic
lesions, there may be symptoms due to stim-
ulation and failure of the thirst center which
complicate the picture. Finally, there may be
partial diabetes insipidus in the presence of an
insufficient vasopressin secretion.

Diabetes insipidus must be considered when
the 24-hour urinary output exceeds 4 liters. The

The Hypothalamo-Neurohypophyseal System

simple measurement of the urinary volume in
patients who believe they excrete an enormous
amount of urine can often exclude the diagnosis
of diabetes insipidus. In general, the specific
gravity of the urine in diabetes insipidus is
under 1005 corresponding to an osmolality
of <200 mOsm/kg H,O. The upper limit for
the specific gravity is usually taken as 1008. The
urine is hypotonic, its osmolality is lower than
that of the plasma (300 mOsm/kg H,0O). The
free water clearance is negative. It is, however,
possible that slightly hypertonic urine with a
correspondingly high specific gravity may be
produced under particularly pathological con-
ditions where the glomerular filtration is greatly
reduced, even in the absence of vasopressin
(BERLINER, 1967; KLEEMAN, 1957). Definite
diagnostic border-line values for urinary out-
putsand concentration capacitiescannot be given
because of the occurrence of partial diabetes
insipidus, particularly the type which develops
postoperatively.

The polyuria in diabetes mellitus rarely
exceeds 4 liters. The specific gravity is high and
glucosuria is present. The daily urinary output
in chronic nephritis and cystic kidneys is seldom
more than 4 liters.

Further, nephrogenic polyuria occurs in
hypokalemia with hyposthenuria (see p. 48)
and also in primary aldosteronism (see p. 332).
Finally, polyuria may result secondary to hyper-

Table 6. Differential diagnosis of polyuria. [Modified according to KLEEMAN e? al.: Arch. int. Med. 101, 1023 (1958)]

Mechanism:
Excessive water intake

Polydipsia

a) Psychogenic

Water

Incapacity of tubular
reabsorption

b) Organic (seldom)

Vasopressin deficiency or disturbed release:
Diabetes insipidus

Disturbed response of the nephrons to vasopressin:
Nephrogenic, hereditary diabetes insipidus
Polydipsia > 3 days
Hypokalemia
Primary aldosteronism
Nephrocalcinosis
Hyperkalemia
Lithium medication or intoxication
Manganese, magnesium or cesium intoxication
Condition after urinary tract obstructions
Multiple myeloma
Amyloidosis

Dissolved substances:

Gl Diabetes mellitus
ucose Phlorrhizin diabetes
Mannitol Mannitol diuresis
. Chronic pyelonephritis, interstitial nephritis
Salts, especially NaCl { Salidiuretics, Hg-diuretics

Urea

Chronic renal disorders
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parathyroidism and hypercalcemia, in which
case the urinary output seldom exceeds 4 liters.

The same amount of urine is excreted daily
in nephrogenic and in true diabetes insipidus.
Nephrogenic diabetes insipidus is recognized
by its failure to respond to vasopressin.

Neurotic or organic polydipsia can present
the greatest difficulties in differential diagnosis.
Often the prognosis and treatment can only be
decided upon after hospital observation or by
following the course of the disease.

9. Diagnosis of Diabetes Insipidus
Tests for Investigating Polyuria and Polydipsia

The diagnostic value of all of the following tests
is limited by the fact that after more than 3 days
of persistent water diuresis, the concentrating
ability of the kidney decreases. This means that
a high specific gravity cannot be achieved
regardless of whether the water deprivation test,
Hickey-Hare test, the vasopressin, or the nicotine
test is employed. Maximal concentrating ability
can only be examined after several days of water
restriction or after treatment with depot-pit-
ressin.

The least inconvenient and most reliable
tests are still the water deprivation test under
osmolality control with termination after 3-5%
loss in weight and the vasopressin test. The
Hickey-Hare and the nicotine tests are usually
dispensable.

a) Water Deprivation Test
o) Principle

The plasma osmolality rises during water dep-
rivation. In the healthy subject, the hypo-
thalamic osmoreceptors are stimulated and vaso-
pressin is then released, causing the pores in the
distal nephrons to open for water reabsorption.
Urinary flow falls; the specific gravity and urine
osmolality rise. In diabetes insipidus, because
vasopressin is absent, water continues to be
excreted with development of dehydration and
weight loss.

B) Method

7:00 a.m. Breakfast with little fluid.

7:30 Bladder emptied. Specific gravity
and, when possible, osmolality of
the urine are measured. Weigh pa-
tient hourly.

Blood collection for Hb, hematocrit,
Na, Cl, when possible, osmolality,

perhaps K and proteins. From 7:30
stop fluid intake. Watch patient
closely. Collect urine in as many
portions as possible. Note amount
and specific gravity. Estimate osmo-
lality whenever possible. After 2-3
hours or when patient can no longer
urinate every half hour, only the
hourly output is measured.

Blood for same determinations as
above. Weigh patient.

The water deprivation test should
last at least 6 hours, or better still,
24 hours. When the patient has lost
3-5% of the body weight, the test
must be discontinued promptly.
Before the end of the test, blood
collection is repeated. Patient is
weighed again.

A sedative may be used to prolong
the test.

10:30

v) Interpretation

Diabetes insipidus is probable when: the uri-
nary volume does not decrease or decreases
only slightly during the test, when the specific
gravity is not more than 1008, when the urine
osmolality does not rise beyond 300 mOsm/kg
H,0O, and when the patient loses 3-5% of his
body weight. However, a patient with poly-
dipsia, who at the beginning of the test is very
highly overhydrated, can excrete urine with a
low specific gravity for a long period of time
due to the water retained in the tissues.

b) Hickey-Hare Test

(Infusion of Hyperosmolar NaCl-Solution)

o) Principle

Infusion of 2.5% NaCl causes an increase in the
serum osmolality, and thereby stimulation of
the osmoreceptors with release of vasopressin.

B) Method

Prepare: approximately 4 liters of unsweetened

tea, 1 liter sterile 2.5% NaCl solution with

complete drip set.

7:00 a.m. Breakfast with 20 ml fluid per kg
body weight. This corresponds to
1.4 liters fluid for a 70 kg patient.
No coffee. Smoking forbidden. Fluid
should be ingested between 7 and
7:30.

From 7:15 Patient should void urine every
quarter hour. The amount excreted
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is measured, and the same volume
of tea is ingested. When patient
cannot void urine regularly, catheter
must be introduced. Note the amount
and specific gravity of each portion
of urine.

Blood collection for Na, Cl, protein,
Hb, hematocrit, when possible, se-
rum osmolality.

Immediately after blood collection,
infusion is started at a rate of
0.2 ml/kg body weight per minute,
i.e. a 70 kg patient receives 14 ml/
min = 280 drops per minute. The
infusion should be continued for
45 min so that a 70 kg patient would
receive a total of 630 ml.

It is practically impossible to count
the drops. The quantity of fluid
which should run off in the fixed
time is best measured on the infu-
sion bottle, and the rate adjusted
accordingly. It may be convenient
to employ an infusion pump for this
purpose. A relatively large needle
must be used in order to ensure
rapid flow.

Stop infusion. Blood estimation as
above.

The test is discontinued as soon as
the urinary output collected during
the test reaches the same quarter-
hour volume as before the infusion
was started.

10:00

10:45

Y) Interpretation

The estimation of Na, Cl, Hb, hematocrit and
proteins will indicate whether the test is being
carried out correctly. During the infusion, Hb,
hematocrit and protein concentration in the
serum decrease, whereas Na and Cl rise. Serum
osmolality may be measured directly. A patient
with polydipsia can be so hypo-osmolar at the
beginning of the test that the infusion causes no
hyperosmolality. In this case the test must
occasionally be repeated with more NaCl.

Diabetes insipidus is probable when there is
no decrease in urinary output and no increase in
the specific gravity during the test.

An osmotic diuresis can occasionally sim-
ulate a false pathologic result. Simultaneous
measurement of the free water clearance pre-
vents false interpretations. In patients with
circulatory disturbances there is a risk of
pulmonary edema due to overloading with
NaCl (15 g for 70 kg body weight).
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¢) Vasopressin Test

o) Principle

An injection of synthetic lysin-vasopressin can
show whether the kidneys react normally to
this hormone. Nephrogenic diabetes insipidus
can then be diagnosed or excluded.

B) Method

The vasopressin test is carried out after the
Hickey-Hare test so that the patient need not
be hydrated again.

If the test is done on another day, the patient
must be hydrated as in the Hickey-Hare test
with 20 ml fluid per kg body weight.

Thereafter, the patient must void urine every
quarter hour, and the same volume of tea is
given to the patient. Note the quantity, specific
gravity, and when possible, the osmolality of
every urine sample.

At the beginning of a quarter-hour period,
11U lysin-vasopressin is given rapidly intra-
venously.

The blood pressure should be measured
before and after the injection of vasopressin.
The vasopressin test is not admissible in
patients with hypertension and coronary dis-
ease, since vasopressin may cause a rise of
approximately 50 mm Hg in the blood pressure.

v) Interpretation

If the patient under investigation does not react
with a decrease in urinary output and a rise in
the specific gravity, the same amount of vaso-
pressin should be tested in a normal subject.

If the normal person reacts to the vasopressin,
then the patient who did not react must have a
nephrogenic diabetes insipidus.

Central diabetes insipidus is present when
the specific gravity and the urine osmolality are
higher in the vasopressin test than in the water
deprivation test. A high specific gravity in the
water deprivation test indicates polydipsia (BAR-
Low, 1959). The free water clearance is the
most reliable way of assessing the effect of
vasopressin.

In patients previously treated with vaso-
pressin or posterior pituitary extracts, the pres-
ence of antibodies to vasopressin may obscure
the results.

d) Depot-Pitressin Test

5U of pitressin tannate in oil given intra-
muscularly leads to a decrease in the urinary
output and to a rise in the urine concentration,
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both with diabetes insipidus and with poly-
dipsia. The patient with diabetes insipidus, how-
ever, feels relief at once and stops drinking. The
polydipsic patient continues to drink, becomes
overhydrated, gains weight, and develops head-
ache, nausea, and confusion.

Method: 7 a.m.—after weighing the patient
and measuring the hematocrit and the serum
osmolality whenever possible —give 5 U depot-
pitressin by i.m. injection. Fluid and food are
not limited. Fluid intake, urinary output, and
specific gravity are measured. Weight is meas-
ured 3 times daily. Serum osmolality and
hematocrit daily. Patient is observed for at least
3 days.

e) Nicotine Test
o) Principle

Nicotine stimulates the release of vasopressin
from the hypothalamic-neurohypophyseal sys-
tem. According to DINGMAN, this stimulation
does not occur via the osmoreceptors, but
rather through direct action on the hypo-
thalamic nuclei and the posterior pituitary. By
means of an injection of nicotine, the content
of vasopressin in the pituitary gland and its
release can be examined. When the pituitary
reacts to nicotine, urinary flow is again reduced
due to the same mechanism as in the other tests.

B) Method

7:00 Empty bladder. Breakfast.

Between 7:00 and 7:30 fluid intake: 20 ml
per kg body weight, i.e. 1.4 liters for a 70 kg
patient. No coffee, no smoking.

Void urine quarter hourly. Drink same
volume of fluid. Note the quarter hour urinary
output and the specific gravity.

When urinary flow becomes constant, ap-
proximately at 10:00, at the beginning of a
quarter hour period, 1 mg nicotine base is given
intravenously to nonsmokers (1 mg nicotine
base corresponds to 2 mg nicotine salicylate or
3 mg acidic nicotinetartrate).

Approximately 3 mg of nicotine base are
injected into smokers.

The normal reaction to nicotine is the
development of nausea. When this does not
occur, the dose is too small and a slightly higher
dose should be injected.

v) Interpretation

It is assumed that two types of diabetes insipidus
can be differentiated. If the patient does not
react to nicotine, it must then be assumed that
vasopressin is not formed. On the other hand, if

the patient reacts to nicotine but not to osmotic
stimulation, a lesion of the osmoreceptors must
be assumed to be present (DINGMAN, 1957).

The stimulation threshold for the release of
vasopressin by nicotine is very variable. Thus,
a sufficiently high dose of nicotine cannot
always be given to definitely establish a negative
result (Di1gs, 1961).

f) Free Water Clearance
o) Principle

The urinary volume can be divided into two
hypothetical portions, one with osmotically-
bound water, and the other with free water. The
urine volume per unit of time or the urinary
flow is the sum of the osmolar clearance and the
free water clearance (V = Cun + Ca,0)- The
latter quantity has a negative value in hypertonic
urine and a positive value in hypotonic urine.
The osmolar clearance is calculated from the
formula:

_urine osm

Cosm =V
plasma osm

with V as the urinary output per minute. From
this the formula for free water clearance is
deduced

c. —y (1 _ urinary osm/kg H,O
H,0 plasma osm/kg H,O |

Depending on the urinary and the plasma
osmolality, the quotient will be >1 or <1, and
the sum or the product will be negative or
positive.

In general a negative free water clearance
indicates that vasopressin is active. For conven-
ience, the collection period for the estimation of
the free water clearance is adjusted to the
urinary flow. When the urinary flow is 5 ml/min,
urine is collected every quarter hour. Hourly
collections are made when the flow is <2 ml/min.

An exact estimation of the osmolality is
essential for calculating the free water clearance.
It allows exact calculation of diuresis, or anti-
diuresis, and it is advantageous to employ the
free water clearance in the Hickey-Hare test,
the nicotine test, and the vasopressin test. Thus,
for example, a pathologic result may be iden-
tified as being due to simultaneous osmotic
diuresis.

Where the urinary output is small, the
clearance becomes inexact because of the una-
voidable 510 ml of residual urine in the bladder.

B) Method

Patient hydrated, depending on the purpose of
the investigation. When there is an average
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urinary flow of 1-2 ml/min the urine is measured
during 2 intervals, from 8-9 h and 9-10 h. The
volume and the osmolality are measured.

Collection of blood at 9 h for estimation of
the plasma osmolality. Use the formula above
for the calculation.

In our experience other simplified tests such
as comparison of the diuresis after drinking water
or 1% saline or comparison of the urinary and
plasma osmolarities during 6 to 12 h of fluid
deprivation, are less reliable (JADRESIC, 1962;
DECOURT, 1960; DASHE, 1963).

g) Assays of Plasma and Urinary Vasopressin

Until recently, the concentration of vasopressin
in the body fluids and in tissue extracts could
only be estimated from its antidiuretic and
hypertensive effect in animals. Reliable results
can be obtained using the unanesthetized trained
dog (VAN DyYKE, 1955), or by a less expensive
method using the hydrated rat anesthetized
with alcohol. The body fluid to be examined is
injected intravenously (SAWYER, 1966). Diuresis
may be registered by automatic counting of
drops of urine (IRMSCHER, 1965), or a regular
diuresis may be obtained by exposing the
bladder and using a constant intravenous infu-
sion (CZACZKES, 1964). It is possible to increase
the sensitivity further by cannulating the ab-
dominal aorta (SAWYER, 1966) or the jugular
vein and by catheterizing the bladder (HEINTZ,
1964). 1-5pU per ml are given as the lowest
measurable values. A range of values between
0-0.05 to 22 uU/ml have been reported in the
human, depending on the state of hydration
(CzAaczkEes, 1964; Lauson, 1967). Values of
2.5-5pU/ml can be estimated by using bratt-
leboro rats with hereditary diabetes insipidus
which are more sensitive to vasopressin. In
general, however, this sensitivity is hardly
sufficient to determine the vasopressin con-
centration in human plasma, except in severe
dehydration.

The biological estimation of vasopressin
excreted in the urine has yielded values between
40—-160 pU/24 h (CHAUDHURY, 1961). This meth-
od can only be conclusive in massive over-
production (see p. 63) (THORN, 1963). Radio-
immunological methods for vasopressin are
difficult to perform in biological fluids because
of cross-reactions and interferences of uni-
dentified substances with the hormone-anti-
body reaction. There are methods using anti-
bodies produced by pure vasopressin (ROBERT-
SON, 1970) and others employing coupling of
vasopressin to bovine serum albumin with glut-
araldehyde. Previous gel filtration and acetone
precipitation for elimination of the interfering
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substances are necessary for the determination
of plasma vasopressin. Concentrations as low as
0.025 pg/ml or 0.01 nU can then be detected. In
the healthy man, concentrations between 1-
10 ppg/ml (= 0.1-1 pU) are found according to
the state of hydration (ROBERTSON, 1970, 1971).
In dehydrated diabetes insipidus patients con-
centrations of up to 0.6-3.2 pg/ml can be
detected. In the unextracted urine rates of
1.2-6.5 mU/h arginine-vasopressin have been
found in dehydration and rates of 0-0.35 mU/h
during water loading. This material was di-
alyzable. The method is useful for the deter-
mination of secretory rates (OvaMa, 1971). The
radioimmunological determination of neuro-
physin in plasma is easier to perform and the
values parallel those of vasopressin correspond-
ing to hydration and dehydration (CHENG, 1970;
LeGros, 1972). Further experience will show
whether the determination of neurophysin can
replace that of vasopressin.

10. Prognosis and Course

The course is irreversible almost without excep-
tion even when the cause of the symptomatic
disturbance is successfully removed. Occasion-
ally, diabetes insipidus can disappear after a
craniopharyngeal cyst has been punctured. The
prognosis of survival is good, providing a
destructive process does not progress further.
Spontaneous regression of symptoms is always
suggestive of an additional lesion involving the
anterior pituitary.

11. Therapy

In symptomatic diabetes insipidus, the under-
lying disorder must be treated primarily. The
incidence of diabetes insipidus is high, when
the etiology is unknown, and therefore ir-
radiation of the pituitary region (in the hope

Table 7. Synopsis of investigation for diabetes insipidus

1. General examination, followed by ophthalmoscopy of the
fundi, and urine examination for sugar and protein. Meas-
urement of the urinary output and fiuid intake with normal
diet and unrestricted fluid intake. The specific gravity, and
whenever possible, the osmolality of different urine
samples are estimated.

2. Plasma and urinary osmolality in the morning in the fast-
ing state or after 6 hours of absolute fluid deprivation.
3. Water deprivation test.

4. Intravenous vasopressin test, depot-pitressin test. Possibly
test with hypertonic saline infusion and the nicotine test.

. X-rays of the skull, antero-posterior and lateral views,
possibly electroencephalography and pneumoencephalo-
graphy.

w
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of favorably influencing a possible neoplastic
or granulomatous process) is not justified.
Symptomatic treatment consists of vasopressin
replacement, dietary measures, possibly salidi-
uretics and certain drugs.

Above all, the patient should be allowed to
drink to satisfy his needs. The polyuria is
decreased by reducing the intake of substances
excreted in the urine, therefore a diet low in salt
is advisable. The aqueous solution of a posterior
pituitary extract and the synthetic lysin-vaso-
pressin for i.m. administration have not proved
satisfactory for replacement therapy. They are
effective for only 4—-6 hours, and when given in
high doses produce side effects such as nausea,
gastrointestinal spasms and diarrhea. On the
other hand, pitressin-tannate in oil is very
valuable for long-term treatment. Immediately
before administration the ampoule must be
warmed to body temperature and shaken well.
An intramuscular injection of 1-3 units, equiv-
alent to 0.2-0.6 ml, has a varying action
lasting between 1 and 3 days. The patient is
symptom-free during this period. Over-dosage
easily leads to over-hydration, consequently
the necessary dose must be individually adjusted.
Occasionally a whole 1 ml ampoule, correspond-
ing to 5 U, is needed. The full effect will be seen
only after some days or weeks, when the high
osmolality of the renal medulla is restored
(HARRINGTON, 1968). Intelligent patients should
be allowed to give the injection themselves as
diabetics do. The use of pitressin in the form
of snuff, although effective, is presently obsolete
since it can give rise to the development of
general or localized allergies and irritation of
the nasal mucosa or even more serious complica-
tions, such as an allergic interstitial pneumonia,
called “pituitary snuff-taker’s lung” (PEPYS,
1966; BUTIKOFER, 1970). On the other hand,
aqueous solutions of synthetic lysin vasopressin
are easily and conveniently employable in nasal
sprays in a concentration of 50 pg/ml. Spraying
must be undertaken every 3—6 hours, and the
individually adequate dose must be determined.
On an average, most patients need 50-62.5 U
per day. When the duration of action does not
last overnight, a cotton wool swab soaked in a
vasopressin solution can be introduced. During
a cold, buccal or vaginal administration is also
possible. Spraying before retiring for the night
can usually prevent nocturia, and urinary output
usually falls to below 3 liters (DINGMAN, 1964).
No effect on the uterus has been observed
during pregnancy, and the blood pressure does
not rise.

Synthetic vasopressin analogues such as
DDAVP, 1-deamino-8-D-arginine-vasopressin,
can have a higher antidiuretic potency together

with a decreased pressor activity and a much
longer half-life. Deamination in position 1
increases the antidiuretic effect, whereas the
introduction of the D form of amino acid in
position 8 is usually combined with a reduction
of pressor effects. DDAVP (Desurin), admin-
istered intranasally with a simple and suitable
device in doses of 15 pg, twice daily, normalizes
the urine production in practically all idiopathic
and symptomatic diabetes insipidus patients
without any side effects. It will soon be com-
mercially available and at present seems to be
the safest and most convenient therapy (VAVRA,
1968; ANDERSON, 1972; IRMSCHER, 1972). A
further indication might be Enuresis nocturna.
The paradoxical administration of thiazide
diuretics is one way of decreasing the urinary
volume in water diuresis (EARLEY, 1961). The
effect 1s not satisfactorily explained, and is
probably complex. Salidiuretics inhibit sodium
reabsorption in the distal nephron and so
decrease the formation of osmotically free water.
In addition, thiazides are supposed to cause
an increased proximal reabsorption of the iso-
tonic filtrate, due to the excretion of sodium
with diminished extracellular volume and re-
stricted renal blood supply. This leads to
decreased diuresis (EARLEY, 1962; CUTLER, 1962 ;
ORLOFF, 1966). On the other hand, reduction
of glomerular filtration rate with a reduced
supply of isotonic solution to the distal tubule
can hardly explain the beneficial effect of the
salidiuretics. In patients with diabetes insipidus
who respond well to depot-pitressin or the vaso-
pressin spray, the addition of salidiuretics is
of little benefit (CRAWFORD, 1960). In patients
who have become resistant or over-sensitive to
vasopressin, and especially in patients with
nephrogenic diabetes insipidus, the complaints
can be reduced and occasionally normalized
through salt restriction and salidiuretics (chlor-
thalidone 200-400 mg daily, hydrochlorothia-
zide 50-75 mg), the potassium loss being com-
pensated by daily doses of 3 x 1 g potassium
salt. The slight antidiuretic action of amino-
pyrin and phenylbutazone are of no therapeutic
significance now. The antidiabetic compound
chlorpropamide in a dosage of 250-500 mg per
day has an antidiuretic effect in patients with
vasopressin-sensitive diabetes insipidus (ARDUI-
NO, 1966 ; FrRoYSHOV, 1968). The free water clear-
ance becomes negative (HOCKEN, 1968; ANDRE-
ANI, 1969) by a mechanism of action which is still
uncertain. Whether chlorpropamide acts by
way of cyclic AMP (EARrRLEY, 1971) or not
(INGELFINGER, 1969) is still undecided. Although
a direct effect on the kidney is not entirely
excluded (Danisi, 1970), most of the evidence
is in favor of the view that chlorpropamide
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enhances vasopressin’s effect of increasing water
permeability of the distal nephron (EARLEY,
1971; UHLICH, 1971). The most valid arguments
are that chlorpropamide is ineffective in nephro-
genic diabetes insipidus and in rats with hered-
itary absence of vasopressin but that it augments
the effect of small doses of vasopressin (BERNDT,
1970). In severe cases of diabetes insipidus
there is little or no effect. In a small percentage
of patients with diabetes mellitus, it can lead
to a reversible syndrome of inappropriate
secretion of vasopressin with hyponatremia and
hypo-osmolality (WEISSMANN, 1971). The hypo-
glycemic effect of chlorpropamide is a serious
drawback for its use in patients with diabetes
insipidus.

Whereas other peroral antidiabetic agents
are ineffective, some other drugs, the anti-
convulsant carbamazepine (Tegretol) and the
anti-hypercholesteremic agent clofibrate (Atro-
mide), have a similar antidiuretic action on
patients with diabetes insipidus (BRAMHOFER,
1966; FraHM, 1969; DEecourT, 1971). The
urinary volume of patients with idiopathic or
symptomatic diabetes insipidus can be reduced
to half or less by peroral application of 2 or 3
doses of 200 mg carbamazepine. The side effects
may be tiredness and dizziness, mainly at the
beginning of the treatment. It is therefore
advisable to start with small doses (100 mg 2 x ).
Here again, the treatment is not or not com-
pletely effective in severe cases of diabetes
insipidus. A combined treatment with smaller
doses of chlorpropamide and carbamazepine
(300 and 400 mg) may lessen or avoid the side-
effects (StoLr, 1972). Clofibrate (Atromide),
4—6 x 0.25 can be combined with carbamazepine
(PERLEMUTTER, 1971).

Not all patients want long-term replacement
therapy. Many patients, especially those who
developed the disorder during childhood, are
accustomed to large fluid intake, have adjusted
their lives accordingly, and no longer find it
disturbing. They employ replacement therapy
only in special situations when it is impossible
to obtain the required volume of fluids.

F. Inappropriate Secretion of
Antidiuretic Hormone

(Schwartz-Bartter Syndrome,
Oversecretion of Vasopressin)

1. Symptomatology and Pathogenesis

Hyponatremia with hypotonic hypervolemia
and hypertonic urine has been observed in
bronchial carcinoma and other diseases. In 1957,
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ScHWARTZ and BARTTER related these features
to a dilution of the plasma due to hypersecretion
of vasopressin. The diagnosis is made indirectly
from the following findings:

1. Hyponatremia with hypo-osmolality of
the serum and extracellular fluid.

2. Absence of hypovolemia and dehydration.
Normal turgor, blood pressure, and serum urea.

3. Persistent natriuria despite hyponatremia.
Hypertonic or not maximally diluted urine.

4. Intact renal and adrenal function.

Administration of exogenous vasopressin
with simultaneous continued water intake re-
sults in increased glomerular filtration, elevated
sodium excretion, hyponatremia, and dilution
of the body fluids due to an increase of the plasma
volume. Although the intravascular space is
usually normal, the extracellular space becomes
enlarged. Osmoregulation is abandoned in favor
of maintenance of the volume of the body
fluids. It is not clear why hypotonic hydration
is well tolerated and the intracellular space
does not enlarge. A shift of sodium into the
intracellular space has been observed (KAYE,
1966) but it seems to be osmotically inactive.
The elevated natriuresis is due to increased
filtration and hypervolemia in the absence of
aldosterone secretion, and also to disturbed
sodium reabsorption in the presence of an
enlarged extracellular volume (BARTTER, 1967);
the additional effect of the hypothetic third
factor (FICHMAN, 1968; BRICKER, 1967) may
contribute to the natriuresis.

The syndrome has been observed:

1. in bronchial carcinoma, generally small-
cell or anaplastic type. There has been only one
reported case of inappropriate ADH with
adenocarcinoma;

2. in cerebral diseases, primary and meta-
static brain tumors, vascular diseases of the
brain, trauma to the skull and malformations;

3. in certain metabolic disorders, such as
porphyria with encephalopathy, and finally in
an “‘idiopathic” group of unknown etiology
(WALDVOGEL, 1967). It is not certain if this group
also includes the syndrome observed in severe
pulmonary tuberculosis, miliary tuberculosis,
tuberculous meningitis and in the “cerebral salt-
losing syndrome” (Table 8). Hyponatremia with
hypovolemia usually occurs in Addison’s dis-
ease, hypopituitarism and myxedema (see p. 159).
There is currently some discussion as to whether
hyponatremia, which occurs in postoperative
conditions and in cardiac failure, is occasionally
caused by excessive vasopressin secretion (BART-
TER, 1967).

At first, there was only indirect support for an
increased vasopressin secretion in these syn-
dromes, as evidenced by a negative free water
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Table 8. Occurrence of the vasopressin-oversecretion syn-
drome (inappropriate secretion of antidiuretic hormone)
(BARTTER and SCHWARTZ, 1967)

1. Malignant tumors:
Carcinoma of the lung
Duodenal carcinoma
Pancreatic carcinoma
Thymoma

2. Disorders of the central nervous system:
Meningitis
Injuries to the skull
Brain abscess
Brain tumor
Encephalitis
Guillain-Barré syndrome
Acute intermittent porphyria
Subarachnoid hemorrhage
Miscellaneous

3. Pulmonary diseases:

Pneumonias
Tuberculosis
Cavern formation (aspergillosis)

4. Idiopathic

clearance. Moreover, the clearance may occa-
sionally be positive, but it is always insufficiently
high in relation to the hypotonic plasma. The
kidneys are always able to retain sodium and
to respond to mineralocorticoids, even with
restricted renal blood supply.

Sodium administration increases natriuresis;
therefore, hyponatremia can hardly be compen-
sated by this means. On the other hand, when
water deprivation restores the sodium concen-
tration in the serum, hypernatriuria and poly-
uria are eliminated. Vasopression or substances
with a vasopressin-like effect have been suc-
cessfully demonstrated in the urine (THORN,
1963), in the plasma (BOWER, 1964), and in tumor
extracts (ARMATRUDA, 1963 ; BOWER, 1964 ; BAR-
RACLOUGH, 1966; BERDE, 1965, 1968; MARKS,
1968; ROBERTSON, 1971; UTIGER, 1966; VOR-
HERR, 1968). However, an increased vasopressin
concentration cannot be proven in all cases. It
can be in the normal range, but the concentration
is too high for the corresponding osmolality and
is not suppressible by further hydration (BAU-
MANN, 1972).

Obviously there are two possible mecha-
nisms:

1. Bronchial carcinomas or other tumors
produce vasopressin or a similarly active sub-
stance. This is supported by the fact that the
syndrome regresses after operation or after
improvement in the pulmonary carcinoma fol-
lowing chemotherapy or radiation, and that
such substances can be directly demonstrated in
tumor extracts.
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2. The pathogenesis of the syndrome in
cerebral processes is probably related to a regu-
lation disturbance in the release or production
of vasopressin. The regulatory center no longer
responds to the usual inhibitory stimuli (hypo-
osmolality, hypervolemia, only partly to alcohol),
but does, however, respond to diphenylhydan-
toin. This may allow a differential diagnosis
between the syndrome caused by tumor and the
one caused by central nervous disorders. It is not
known whether and how cases of the Schwartz-
Bartter syndrome occuring in pulmonary tuber-
culosis, are to be included here. The hypo-
natremia in myxedema and in pituitary insuf-
ficiency does not appear to belong to this syn-
drome (see p.159, 95).

2. Differential Diagnosis and Diagnosis

The hyponatremia due to “true” salt depletion,
such as occurs in ADDISON’s disease, in tubular
nephropathy, and during vomiting and diar-
rhea, lead to hypovolemia, hypo-osmolality,
hypotension, hypotonic dehydration and azo-
temia. Hyponatremia and Ayperosmolality are
suggestive of mannitol abuse (AVIRAN, 1967).
Hypcrtonic urine can also be produced when the
glomerular filtration is reduced. This, however,
is always associated with azotemia and an in-
crease in plasma creatinine. Moreover, sodium
excretion decreases with a fall in filtration.

The hyponatremia in terminal cardiac failure
is combined with severe edema. Salt escapes into
the interstitial space and into the tissue, sodium
excretion is reduced, and the sodium balance
is positive.

The hyponatremia in hypopituitarism (see
p. 95) is not connected with hypernatriuria and
does not improve with dehydration, but does
respond immediately to cortisone treatment.
Psychogenic or organic polydipsia can give rise
to similar findings when the fluid intake is more
than 25 ml/min, although the urine is always
maximally diluted.

Pseudohyponatremia in hyperlipemia and in
hyperproteinemia can be excluded because of
the normal osmolality.

Finally, administration of mannitol can be
a cause of hyponatremia with hyperosmolality
of the serum (AvirRaM, 1967). The Schwartz-
Bartter syndrome is present when after exclusion
of dehydration and cardiac failure, hypona-
tremia occurs with hypertonic or insufficiently
diluted urine and can be improved by limiting
the fluid intake. Values of the urea in the
serum are charcteristically very low, being
under 20 mg%.
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3. Course and Therapy

The course is determined by the primary dis-
ease. Remissions are possible, especially in
porphyria. When the basic disease cannot be
influenced, the hyponatremia can be improved
or be avoided by limiting water intake. The
general condition of the patient is thus improved.

Diphenylhydantoin which i.v. inhibits vaso-
pressin overproduction in the central nervous
system does not correct long-standing hypo-
natremia (FiCHMAN, 1968). Although the appli-
cation of mannitol counteracts the effects of
vasopressin oversecretion, it has no advantage
over fluid restriction alone.
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IV. The Pineal Body and the Circumventricular Organs

A. LABHART

A. Pineal Body

Throughout the history of medicine, opinions
on the importance and functions of the pineal
body have varied more than those related to
any other organ of the body. DESCARTES saw
it as the seat of the functions of the soul, im-
agining that light impulses could be perceived
by the pineal body and then transmitted as
humoral signals to the musculature. From this
position of eminence, theories concerning its
function have relegated it to a position where
it presently serves primarily as a calcified point
of orientation in the middle of the skull for the
neuroradiologists. At present it is receiving
renewed importance as a potential fourth neuro-
endocrine organ, the biological clock of the
organism and the rhythm initiator.

The phylogenetic history of this organ is
also interesting. A million years ago, in the
brontosaurians, this organ represented a third
eye. It is still active as a light receptor in certain
amphibians in that it contains a light-sensitive
apparatus similar to the retinal cones which
emit nerve impulses to light stimuli of certain
wavelengths. The pineal body has become the
neuroendocrine organ in mammals which need
nerve impulses for the liberation of a specific
hormone, melatonin. The indole alkylamine,
melatonin (see Fig. 1), produced in small a-
mounts, is the most potent pigment regulator
in amphibians, causing aggregation of melanin
granules in the melanophores and fading of
skin pigmentation. In the mammal, melatonin
has no influence on pigment regulation.

However, in the mammal the pineal body
has not forgotten its past as a third eye, and
although it no longer possesses any light-
sensitive elements, its functions are still de-
pendent upon light. Light impulses from the
retina of the eye reach the pineal body through
the sympathicus via the superior cervical ganglion
where noradrenaline and serotonin are released.
This is the only site where serotonin is released
as a neurotransmitter. Noradrenaline and sero-
tonin influence the synthesis of the enzyme
5-hydroxyindole O-methyl-transferase(HIOMT)

which liberates melatonin from N-acetyl-sero-
tonin. It is presently uncertain to what extent
the limbic system influences the pineal body
and through this means, further transmits ol-
factory stimuli (RELKIN, 1966).

The physiological function of melatonin in
the mammal is still not clear. It is certain that
it has no function in pigment regulation. It can,
however, be shown to inhibit gonadal function,
exerting a reducing action on the ovary, and de-
laying or inhibiting estrus in the rodent. Pinealec-
tomy, darkness or division of the conveying sym-
patheticnervous pathwayleads toloss of HIOMT,
and thus also of melatonin, and to accelerated
estrus. Melatonin administration reverses this
acceleration. The effect of light on testicular size
is also transmitted by the pineal body (REITER,
1968). The end organ of melatonin is uncertain.
It acts on the brain, perhaps especially on the
eminentia mediana (MARTINI, 1968), by in-
fluencing synthesis or release of one or more
neurotransmitters (WURTMAN, 1971). Labeled
melatonin accumulates mainly in the ovary,
but also in the vagina, the brain and the pituitary
gland.

In addition to the seasonal regulation of the
estrus, the pineal body also appears to play
an important part in the daily rhythm of the
endocrinesystem, dependent upon light. Through
the perception of light via the retina and the
sympathetic system, the concentration of
HIOMT and therewith the content of melatonin
in the pineal body rises to its maximum at
midnight. The concentration is lowest at midday.
The rhythm disappears completely with continual
illumination or continual darkness. A con-
trasting rhythm appears to be present in
serotonin, the precursor, and in a certain sense
possibly an antagonist. The content of serotonin
in the pineal body is highest at midday and
lowest at midnight. In this case, however, the
rhythm is determined in the central nervous
system: the light works only as a synchronizer,
since the rhythm for serotonin does not disappear
with light but only in the dark.

The pineal body begins to deposit calcium
after puberty. This does not, however, appear
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The Pineal Body and the Circumventricular Organs
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Fig. 1. Biosynthesis and metabolism of Melatonin. TPH tryptophan hydroxylase; 5-HTPD 5-hydroxytryptophan decarboxy-
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to influence its activity, since the activity of the
decisive enzyme HIOMT remains intact from
early youth to advanced age. Although the
physiological significance in man is unknown,
the knowledge obtained in the past few years
has thrown new light on the known patho-
physiological phenomena of puberty. Precocious
puberty usually develops with tumors of the
pineal region, although only if the tumors
derive from the interstitium or a teratoma is
involved. Tumors arising from the parenchyma
of the pineal body lead to delayed puberty, and
in at least two cases increased amounts of
HIOMT have been demonstrated in these
tumors. The pineal body may therefore be
responsible for preventing the premature de-
velopment of puberty and sexual function. It
is possible that the accelerated development
(Chap. XIX) observed nowadays is due to the
increased light stimuli on the pineal body. There

may be other antigonadotropins besides mela-
tonin (BENsON, 1971; CHEESMAN, 1970). In
addition to its influence on the pituitary-gonadal
axis, the pineal body may have a role in the
circadian rhythm of adrenocortical secretions.
Melatonin, 5-methoxytryptopholand 5-hydroxy-
tryptophol injected into the lateral cerebral
ventricles decrease plasma corticosterone in the
rat. This effect is possibly mediated via the
adrenergic system (MoTTA, 1971).

As with serotonin, there are at present no
known actions of melatonin on the psyche, nor
is there any evidence that either of these sub-
stances is involved in the development of
psychoses.

For areview of the physiology of the mamma-
lian pineal body see REITER (1969).

Pinealomas withoutendocrineactivity usually
lead to two or more of the following symptoms:
diabetes insipidus, hypopituitarism, calcifica-
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tions in the region of the pineal body, defor-
mation of the third ventricle with or without
hydrocephalus. The incidence of pinealomas
is highest in men before the age of twenty
(PUSCHETT, 1968).

B. Subcommissural Organ

The subcommissural organ is a group of cells
containing secretory granules which lie in the
vicinity of the pineal body, under the pineal
recess, at the caudal end of the roof of the third
ventricle. In rats, it appears that these cells
release a relatively insoluble substance into
the cerebrospinal fluid and possibly also into
the capillaries. Extracts from this region are
believed to inhibit thirst and water intake.
Patients with tumors in this pretectal region
are supposed not to react to salt withdrawal with
the normal increase of the aldosterone secretion.
At present, research into the role of this organ
in salt and water regulation is not sufficiently
advanced for definite conclusions.

The subcommissural organ may belong to
a system of “circumventricular organs” which
includes the pineal body, the subfornical organ,
the supraoptic crest, and certain special ependym-
al structures of the third ventricle. These various
organs appear to possess certain morphological
and functional similarities.
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V. The Adenohypophysis

A. LABHART

With Contributions by

CHR. HEDINGER, G. KISTLER, A. PRADER, G. TONDURY, and M. ZACHMANN

A. Historical Dates

1543 VESAL described the hypophysis as “glan-

dula pituitaria cerebri excipiens’’.

1864 VERGA and

1884 FritzscHE and KLEBS described the clin-
ical and pathological features of a case of
acromegaly.

1886 PIERRE MARIE named the illness ‘‘acro-
megaly”.

1900 BEnNDA associated acromegaly with an

eosinophil hypophyseal adenoma.

ASCHNER showed that hypophysectomy

in a growing animal resulted in dwarfism.

Evans and LONG, using pituitary extract,

produced gigantism in rats.

SMITH demonstrated pituitary control over

the gonads.

ASCHHEIM and ZONDEK described the go-

nadotropic hormones.

STrICKER and GRUETER discovered pro-

lactin.

RIDDLE characterized prolactin.

Li and Evans succeeded in isolating

crystallized growth hormone.

K~NoBIL and GREEP extracted growth hor-

mones from monkeys which was active

in man and showed the species-specificity

of growth hormone.

RABEN described a method for extracting

human growth hormone from the hypo-

physes of cadavers.

UTTIGER, PARKER and DAUGHADAY,

HUNTER and GREENWOOD,

Gurick, ROTH, YaLow and BERSON de-

scribed a radioimmunological method for

measuring human growth hormone.

1966-1971 L1 described the complete amino-
acid structure of human growth hormone
and succeeded in synthesizing it.

1909
1921
1926
1928
1928

1935
1944

1955

1957

1961
1962
1963

B. Embryology and Anatomy

G. TONDURY and G. KISTLER

1. Embryology

In the human embryo of 6-8 somites, the
primitive gut is closed at the cranial end by the
pharyngeal membrane which forms the floor of
an external depression, the stomadeum. At this
site, ectoderm and entoderm come into direct
contact. When the embryo is about 2.5 mm long
(18-20 somites), the pharyngeal membrane rup-
tures and the stomadeum develops into the
ectodermal portions of the mouth. At this stage,
the stomadeal epithelium situated dorsally and
just in front of the remnants of the pharyngeal
membrane evaginates to form the RATHKE’S
pouch, i.e., the anlage of the adenohypophysis.
This outpocketing enlarges quickly towards the
floor of the diencephalon. Its originally wide
mouth soon becomes compressed by a pro-
liferation of the surrounding mesenchyme. Thus,
the anlage of the adenohypophysis becomes an
epithelial vesicle which remains temporarily
connected to the roof of the primitive oral
cavity by a slender epithelial stalk.

When the embryo has reached a length of
some 7-8 mm, an epithelial stalk grows down-
ward from the anlage of the neurohypophysis
in the diencephalon and contacts the upper and
posterior portions of the adenohypophyseal
vesicle. This leads to a marked proliferation of
the front wall of the vesicle, which thickens to
become the main cellular mass of the anterior
lobe. From the rostral portions of this lobe,
bilateral epithelial buds proliferate and grow
upward to the floor of the third ventricle. The
two buds fuse together to form the pars
infundibularis (pars tuberalis) of the adeno-
hypophysis. The buds often also encircle the
root of the infundibulum. In contrast, the
posterior wall of the adenohypophyseal vesicle
remains thin. It differentiates into the pars
intermedia of the glandular lobe. The original
cavity of the vesicle becomes the residual lumen
of the adenohypophysis. This cavity usually
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disappears completely but may persist as mul-
tiple cysts filled with colloidal material
throughout life. The epithelial stalk connecting
the epithelium of the oral cavity with the
adenohypophyseal vesicle in the early stages
usually disintegrates. Sometimes, however, islets
of these epithelial cells persist and form acces-
sory adenohypophyseal glands which are usually
situated within either the sella turcica or the
sphenoid bone itself but may also be found in
the pharyngeal roof. When present, the so-
called pharyngeal roof hypophysis is usually the
best developed of these accessory glands. It
lies within the pharyngeal epithelium, exactly
on the mid-line of the cavity, and is surrounded
by small nerve fibers and blood vessels.

2. Gross Anatomy

The hypophysis of the human adult weighs
about 600-700 mg and measures approximately
0.5 x 1 x 1 cm. Macroscopically, the organ can
be divided not only into a neural and glandular
portion, but also into a proximal and a distal
subdivision separated from each other by the
diaphragma sellae. The main portion is situated
within the sella turcica of the sphenoid bone,
where it is surrounded by a rather thick con-
nective tissue capsule. Thus, the intrasellar
portions of the hypophysis (anterior, posterior
and intermediate lobe) are situated within the
dura.

The diaphragma sellae separates the cavity
of the sella turcica from the middle cranial

fossa. This dural fold forms an opening, the
foramen hypophyseale, which lies closely around

the hypophyseal stalk. Above the diaphragm,
the stalk passes through the peri-infundibular
cistern, where it is surrounded by cerebrospinal
fluid.

The hypophysis consists of two develop-
mentally, morphologically, and functionally
quite distinct parts. The neurohypophysis has
already been described in Chap. III, p. 39. The
adenohypophysis (lobus glandularis, anterior
lobe) is derived from an outpocketing of the
ectodermal epithelium of the primitive oral
cavity (see p. 77). It shows all the characteristics
of an endocrine gland. Three major subdivisions
may be distinguished:

1. The pars infundibularis (pars proximalis
or pars tuberalis of the adenohypophysis) is a
subdivision of the anterior lobe. It extends
from the diaphragma sellae up to the floor of
the diencephalon, closely following the course
of the infundibulum (pars proximalis of the
neurohypophysis), from which it is incompletely
separated by a thin sheet of connective tissue
continuous with the organ capsule.

The Adenohypophysis

2. The pars intermedia (zona intermedia or
intermediate lobe) is phylo- and ontogenetically
a portion of the glandular lobe (see p. 80). It
is situated in the sella turcica and is sandwiched
between the secretory mass of the anterior lobe
and the infundibular process (neural lobe).
The intermediate zone forms the so-called
distal adeno-neurohypophyseal contact which
will be discussed below (see p. 82).

3. The anterior lobe (pars distalis of the
adenohypophysis) constitutes the bulk of the
glandular parenchyma. It is situated completely
within the sella turcica.

3. Histology

The anterior and posterior lobes of the hypo-
physis are surrounded by a rather thick con-
nective tissue capsule, the innermost layer of
which is closely applied to the organ paren-
chyma. The next layer is rich in blood vessels
and is therefore called the stratum vasculare.
The outermost layer, the stratum periostale,
belongs to the periosteum of the sella turcica.
Even at low magnification, the deeply stained
adenohypophysis stands out sharply against
the less stained and more homogeneous posterior
lobe. In the pars intermedia, follicles of various
sizes containing colloidal material are usually ob-
served. They are known as the Rathke’s cysts.

The three subdivisions of the adenohypo-
physis (pars distalis, pars intermedia, and pars
infundibularis) consist of irregular cords and
clumps of epithelial cells which are in intimate
contact with the dense network of sinusoidal
capillaries. Small bundles of collagenous fibers
accompany the arteries and portal venules.
They are continuous with a fine network of
reticular fibers which surround both the epi-
thelial cords and the capillaries. The endo-
thelial cells of the sinusoids are fenestrated. At
these sites, the circulating blood is separated
from the perivascular space and from the
glandular tissue only by the extremely thin
diaphragms of the fenestrac and the basal
laminae of both the endothelium and the
epithelial cords.

Pars Distalis. In contrast to the rather uniform
cell populations of both the pars intermedia
and the pars infundibularis, the various cell
types of the pars distalis differ markedly in size,
shape, and affinity for stains. In routine histo-
logical sections, chromophilic and chromo-
phobic cells can easily be distinguished. Accord-
ing to the tinctorial reactions of their specific
granules in sections stained with special dyes
(e.g. alum-hematoxylin and eosin), the chromo-
philic cells can be further subdivided into
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acidophils and basophils. As this affinity for
the various stains reflects a characteristic prop-
erty only of the granules and not of the cyto-
plasm itself, there is still some considerable
controversy about the nomenclature. Identifica-
tion of the cell types is perhaps best done by the
PAS reaction, which is specific for the granules
of the basophils and therefore allows these
cells to the distinguished from the acidophils
and the chromophobes. More recently, electron
microscopy has permitted more accurate dJif-
ferentiation of the specific granules of the
various cell types and their subclasses.

The acidophils (alpha cells) make up approx-
imately 37-44% of the total cell population of
the pars distalis (BARGMANN, 1964). They
measure about 12-20 um in diameter, are mainly
rounded and contain a large number of granules,
the size of which permits them to be resolved
with the light microscope. Ultrastructurally,
these cells display a well-developed, rough
endoplasmic reticulum, a large Golgi complex
and rather small, rod-shaped mitochondria. In
various mammalian species, two classes of
acidophils can be distinguished according to
their staining reactions with azocarmine and
orange-G. In the rat, the specific granules
of these two cell classes also differ markedly
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in diameter, the one measuring approximately
3000-3500 A and the other 6000-9000 A. The
number of cells with the smaller but more
numerous granules remains fairly constant
throughout life. It is believed that these elements
produce growth hormone (STH). In contrast,
the number of cells containing the larger but
less numerous granules is obviously increased
during pregnancy and lactation. It is therefore
assumed that these cells synthesize prolactin
(LTH, luteotropic hormone). The production
of these protein hormones by the acidophilic
cells, besides being confirmed by immunohisto-
chemical methods, is also supported by patho-
logical findings in humans. Thus, in children
an acidophilic adenoma of the anterior lobe
results in gigantism, whereas in the adult
acromegaly results. Experimentally, removal
of a litter from lactating rats leads to marked
regressive changes in the prolactin-producing
cells within 48-96 hours. Newly produced
hormone granules no longer release their con-
tent into the perivascular space (and further
into the capillaries), but enter the lysosomal
cycle and are digested within the cell (SmiTH
and FARQUHAR, 1966).

The basophils (beta cells) of the anterior
lobe vary considerably in size (15-25 p) and

Fig. 1. Incretory cells of the anterior lobe of the rat. Note the difference in size of the hormone granules. ER rough endo-
plasmic reticulum: C capillary lumen; En endothelium; pR perivascular space; ¢f collagenous fibrils; Gr hormone granules;

Mi mitochondria. x 20000
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shape (round, oval, polygonal). Their diffusely
distributed specific granules measure approx-
imately 1000-2000A in diameter and are
thus distinctly smaller than those of the acido-
philic cells. Light microscopy barely reveals
them. Since the hormones produced by the
basophils are glycoproteins, the granules are
best visualized by the periodic-acid-Schiff (PAS)
reaction. They are, however, also stained by
hematoxylin, aniline blue or resorcin-fuchsin.
In most mammalian species, four types of
basophils seem to be distinguishable, according
to the size and the affinity of the granules for
aldehyde-fuchsin. The so-called beta-basophil
cell, which is presumed to produce thyrotropic
hormone (TSH), stains with this dye. In the rat,
its granules have a diameter of 1000—1500 A
and are situated mainly at the cell periphery.
The somewhat larger delta-basophils contain
an abundant endoplasmic reticulum and a well-
developed Golgi apparatus. Their specific gran-
ules measure about 2000 A in diameter and
fail to stain with aldehyde-fuchsin. The delta-
basophilic cells are the source of the gonado-
tropins, i.e., the follicle-stimulating hormone
(FSH) and the luteinizing hormone (LH or
ICSH). In the rat, it was possible to distinguish
the cells producing the two hormones mor-
phologically (Kurosumi and O0Ta, 1968 ; R0OOSs,
1968). It has long been known that destruction
of a peripheral endocrine organ is usually
followed by hypertrophy of the corresponding
cells in the anterior lobe. Thus, removal of the
thyroid gland leads to enlargement and appar-
ently also to an increase in number of the
betabasophilis (= thyroidectomy cells). Sim-
ilarly, castration is followed by an increase
in size and by vacuolization of the gonado-
tropin-synthesizing delta-basophils (= castra-
tion cells).

There is some evidence that the basophils
are also the source of the adrenocorticotropic
hormone (ACTH, corticotropin). Whether its
synthesis takes place within a specific cell type
or occurs in the basophils which produce
gonadotropins is still an open question. Inter-
estingly enough, in the melanocyte-stimulating
hormone (MSH) produced by the basophilic
cells of the pars intermedia, the amino-acid
sequence is similar or even identical to that of
ACTH over large parts of the molecule. Release
of these two hormones often seems to occur
simultaneously and ACTH is known also to
have a certain melanocyte-stimulating effect.
Thus the increased skin pigmentation observed
in adrenal insufficiency (Addison’s disease) and
pregnancy is thought to be the result of an
overproduction of one or both of the hormones
ACTH and MSH.

The Adenohypophysis

The chromophobes form the third large cell
group of the hypophyseal anterior lobe. They
are usually smaller than the acidophils and
basophils and are almost devoid of specific
granules. The function of these cells has been
a matter of dispute for a long time. Because
mitoses in the parenchyma of the adenohypo-
physis are very rare, the chromophobes used to
be considered as pluripotent stem cells capable
of differentiating into each of the various
acidophils and basophils. Ultrastructural studies
have, however, shown that the chromophobes
do not constitute a uniform cell population.
According to their nuclear and cytoplasmic
characteristics (chromatin structure, size and
number of mitochondria, form of the Golgi
complex, etc.), a large proportion of these cells
has to be grouped with the acidophils or baso-
phils in spite of the absence of granules. It
would therefore appear that most of the chromo-
phobes are stem cells already determined in
their differentiation capability. Others, however,
seem to be mature chromophils degranulated
to such an extent that they fail to stain with
specific dyes. It is still not known whether such
a degranulation represents a reversible func-
tional state or precedes cell death.

Pars Intermedia. In the human fetus, the
borderline zone between the anterior and the
posterior lobe consists of a thin sheet of con-
nective tissue and a stratified epithelium of
small basophilic cells. These cells are derived
from the posterior wall of the adenohypo-
physeal vesicle (see p.77) and are, in turn,
separated from the main incretory mass of the
anterior lobe by a distinct cleft (the remnant of
the lumen of the Rathke vesicle). Postnatally, the
cleft usually becomes reduced to a number of
larger and smaller cysts (Rathke’s cysts) lined by
a ciliated epithelium and containing a yellowish,
colloidal material. With age, an increasing
number of basophils of the pars intermedia
cross the borderline between adeno- and neuro-
hypophysis and “‘invade” the posterior lobe,
where they are found in close proximity to
the nerve-fiber endings and the capillaries.
Light microscopy reveals only slight dif-
ferences between the usually polygonal cells of
the pars intermedia and the basophils of the
anterior lobe. Their granules stain specifically
with the periodic-acid-Schiff (PAS) reagents as
well as with aldehyde-fuchsin and resorcin-
fuchsin. Electron microscopy shows that these
granules are characteristically accumulated close
to the basal lamina. Their diameter varies
between 2000 and 3000 A. The melanocyte-
stimulating hormone (MSH) produced by these
basophils is a polypeptide which seems to be
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bound to a glycoprotein within the granules.
From the pituitaries of humans and other
mammals, two different melanocyte-stimulating
hormones have been isolated up to now. The
sequential arrangement of the amino acids in
both the strongly basic alpha-MSH and the
slightly acid beta-MSH is similar to that found
in the adrenocorticotropic hormone ACTH over
large parts of the molecule. In the amphibian
skin, MSH causes a dispersion of the melanin
granules in the chromatophores and therefore
a darkening of the skin. In mammals, MSH is
assumed to stimulate the melanin production
in the melanocytes.

The pars intermedia of the adenohypo-
physis and the adjacent portions of the neural
lobe form the so-called distal adeno-neuro-
hypophyseal contact zone, where blood vessels
and nerve fibers are characterized by a specific
arrangement (see p. §2).

Pars Infundibularis or Tuberalis. The pars in-
fundibularis of the adenohypophysis forms a
sleeve around the infundibulum, from which it
is separated by a thin sheet of connective tissue
continuous with the pia mater. Its thickest
portion (approximately 40 to 80 u) is on the
anterior surface of the neural stalk, whereas
the posterior portion is often incomplete or
absent. The pars infundibularis is traversed by
the major arterial vessels and the hypothalamo-
adenohypophyseal portal venules, both extend-
ing to the anterior lobe. The longitudinally
arranged cords of epithelial cells occupy the
interstices between the blood vessels. A network
of fine reticular fibers separates these two
elements. Pars tuberalis, blood vessels and
neural stalk together form the so-called proximal
adeno-neurohypophyseal contact zone which
is discussed below.

The epithelial cords of the pars tuberalis
contain only a few acidophils and basophils,
but predominantly undifferentiated, cuboidal
cells resembling the chromophobes of the
anterior lobe (pars distalis). Characteristically,
these cells measure some 15p in diameter
and contain many small, rod-shaped mito-
chondria. The Golgi apparatus is less de-
veloped than that of the cells of the glandular
lobe. In the cytoplasm, numerous small lipid
and colloid droplets are often present, as well
as large amounts of glycogen. Usually, some pars
infundibularis cells are found to be arranged in
follicles similar to those of the pars intermedia.

4. The Hypothalamo-Adenohypophyseal
Connections

In contrast to the posterior (neural) lobe, which
must be regarded as a specially differentiated
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subdivision of the diencephalon, the anterior
lobe is a true endocrine gland, i.e. it produces
a number of hormones itself. The hypothalamus
controls the incretory activity of the glandular
lobe not through nerve fibers reaching the
endocrine cells, but through the release of
specific substances (neurohormones) into a
unique capillary network in the hypophyseal
stalk. This vascular system, which combines
the diencephalon and the adenohypophysis to
a functional unit, is established very early. In
the human embryo 10-11 mm in length, the
pars infundibularis of the adenohypophysis is
already present in the form of two epithelial
buds at the anterior surface of the adenohypo-
physeal vesicle (see p.77). These two buds
grow rapidly upward to the floor of the dien-
cephalon and also contact the infundibulum
which extends ventrally. At the same time, a
dense network of blood vessels develops and
surrounds the hypophysis. This network is
supplied by both the meningeal plexus of the
embryonic brain anlage and the hypophyseal
arteries arising from the internal carotids. The
two inferior hypophyseal arteries arborize within
the organ capsule, branches extending to the
neural and (to a lesser extent) also to the glan-
dular lobe.

The superior hypophyseal arteries anasto-
mose freely in the region of the root of the
hypophyseal stalk. From this network, a number
of capillaries form characteristic loops which
extend to varying depths of the nervous sub-
stance of the median eminence. The afferent
limbs of these capillaries which comprise the
so-called primary plexus have a much smaller
diameter than the efferent limbs of the loops
draining into the hypophyseal portal veins.
These veins can be recognized with the naked
eye. They run downward around the hypo-
physeal stalk (mainly at the anterior surface of
the pars infundibularis of the adenohypophysis)
and supply the sinusoids of the anterior lobe.

Within the median eminence, the capillary
loops of the primary plexus are found in close
relation to nerve-fiber endings of the tfubero-
hypophyseal tract. On both sides of the in-
fundibular recess, the pericarya of these axons
constitute the nucleus tuberis infundibularis, the
nucleus hypothalamicus dorsomedialis, and the
nucleus ventromedialis. These nuclear masses
are not only characterized by their proximity
to the hypophyseal stalk, but also by the
morphological similarity of their neurons, which
are small and rather poor in cytoplasm. In
contrast to the fibers of the hypothalamo-
neurchypophyseal tract, the neurons of the
tubero-hypophyseal tract do not react with the
Gomori stain. Their secretory activity has,
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however, been confirmed by numerous ultra-
structural studies. The neurohormones produced
by these cells are carried along the axons and
released into the narrow intercellular space
separating the nerve-fiber endings from the
fenestrated endothelium of the primary capil-
lary plexus. These hormones pass through the
hypophyseal portal venules to reach sinusoids
of the anterior lobe where they stimulate or
inhibit the production and release of the specific
adenohypophyseal hormones (see also Chap.
I1, p. 28). Thus, through a singular process of
vascularization which in the human is fully
developed only at the end of intra-uterine life,
the anterior lobe becomes functionally (and
indirectly) connected to the center controlling
most endocrine functions of the body, the
hypothalamus.

In contrast to the pars infundibularis, in
which the proximal adenoneurohypophyseal
contact zone is formed by the primary capillary
plexus, the pars intermedia, as the distal contact
zone between anterior and posterior lobe, lacks
such special blood vessels. In this region,
however, another kind of interaction between
adeno- and neurohypophyseal elements appears
to become increasingly important with advanc-
ing age, although its functional significance
is by no means certain. With the disappearance
of the initial cleft (see p. 80), basophilic cells
of the pars intermedia frequently extend a
considerable distance into the parenchyma of
the posterior lobe where they are found in close
spatial relation to both the axon endings of
the supraoptic-neurohypophyseal tract and the
sinusoidal capillaries. The nerve fibers sur-
rounded in this way by adenohypophyseal
elements appear to be particularly rich in
neurosecretory material. The hypothalamo-
neurohypophyseal tract thus contacts not only
the vascular system of the neural lobe (as well
as the ventricle system of the diencephalon) but
also specific cells of the glandular lobe. Ex-
periments have shown that prolonged thirst
leads not only to depletion of the posterior lobe
in neurosecretory material, but also to atrophy
of the pars intermedia. On the other hand,
interruption of the hypothalamo-neurohypo-

Table 1. Hormones of the human anterior pituitary
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physeal tract was found to result in a marked
hypertrophy of the pars intermedia. In spite
of the morphological differences, a functional
analogy between the proximal and distal adeno-
neurohypophyseal contact zones might therefore
be postulated.

C. Chemistry and Biochemistry

Seven different adenohypophyseal hormones
have been definitely determined so far (Table 1).
Five of these hormones are adenotropic (see
below), i.e. hormones regulating other endo-
crine glands. Two of these adenotropic hor-
mones are gonadotropins controlling gonadal
function in males and females.

Gonadotropins, adrenocorticotropin and
thyrotropin are discussed with reference to
their target gland in the appropriate chapter.
For prolaction see also Chap. XI, p. 674f. It is
still unknown what physiological significance
is attributable to MSH, the melanocyte-stim-
ulating hormone, and EPS, the exophthalmos-
producing substance.

1. Prolactin

Prolactin, otherwise known as mammotrophic
hormone, lactogenic hormone, or LTH (luteo-
trophic hormone) has a wide variety of func-
tions in the reproductive system throughout
the animal kingdom from the fishes to the
primates (SHERwoOOD, 1971; NicoLL, 1972).
In mammals, luteotrophic activity has been
demonstrated in rodents but not in primates,
and it is therefore no longer included in the
group of gonadotropins. Its classic function in
mammals, including man, is stimulation of
lactation, so that the name most commonly
used is prolactin. Although prolactin has been
extracted and purified from the pituitaries of
a large number of species and the amino-acid
sequence of ovine prolactin has been determined
(L1, 1969) the controversy as to whether prolactin
and growth hormone are two different hormones
in the human went on for some time, a problem
complicated by the fact that pure human

Hormone Chemistry Isolated Constitution Synthesis Molecular weight
known

ACTH Polypeptide + + + 4540
B-MSH Polypeptide + + + 2660
Growth hormone Polypeptide + + + 21500

TSH Glycoprotein (+) - — About 25000

FSH Glycoprotein Partly - - About 30000

LH Glycoprotein Partly - - About 26000
Prolactin Polypeptide + + - 23300 (ovine)
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growth hormone also has some intrinsic lac-
togenic activity. Clinical observations of milk
production in growth hormone-deficient women
and a variety of biologic, immunologic, and
chemical studies have now proved there is a
difference between these two hormones in man.
Prolactin can now be determined radioimmuno-
logically and does not cross-react with human
growth hormone. Besides its action on the
mammary gland, it also has effects on the
testes (BARTKE, 1970), and possibly on water
and electrolyte transfer in the kidneys (MANKU,
1972) and intestine (RAMSEY, 1972). There
seems to be a reciprocal mechanism control-
ling secretion of prolactin and gonadotropins.
A potent releasing stimulus is suckling in
nursing mothers. Phenothiazines, TRH stress
and hypoglycemia increase prolactin secretion,
whereas o-dopa, 2-a-Br-ergocryptine suppress
it. Renal failure is frequently associated with
high plasma prolactin, estrogens cause a rise
in adults. Using a sensitive radioimmunoassay
(HWANG, 1971) on the base of human prolactin,
normal values for plasma in women are in the
range of 10 ng/ml, for men a little bit less.
Dependence of breast cancer from prolactin
is discussed (SALIH, 1972 ; Boyns, 1972 ; FRIESEN,
1973).

2. Growth Hormone

Growth hormone (somatotropin, STH) is the
only pituitary hormone which exerts a direct
effect without the involvement of another
endocrine gland. A growth hormone-like factor
has been detected which is produced, curiously
enough, in a tapeworm of mice and has prac-
tically all biological effects of growth hormone
except the lipolytic effect. It seems to be of high
molecular weight and immunochemically dif-
ferent from growth hormone (Sparganum growth
factor, STEELMAN, 1971), and different from the
sulfation factor or somatomedin.

Apart from growth hormone, the relevance
of other metabolic hormones [adipokinin, lipo-
tropin (LEVINE, 1964; LUFT, 1966; ANSELMINO,
1965; RUDMAN, 1965)], and pancreatotropic
hormones is still uncertain.

a) Chemistry

Growth hormone, (somatotropin, somatotropic
hormone, STH), is a highly species-specific
polypeptide hormone. The growth hormones
of different mammalian species differ chemically,
immunologically and in their biologic action.

Human growth hormone (HGH) consists of
an unbranched chain of 188 amino acids with
2 disulfide bridges and has a molecular weight
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of 21,500 at an isoelectric point of pH 4.9. The
complete amino-acid sequence has been suc-
cessfully determined (Li, 1966) and it has
recently been synthesized (Li, 1971).

Human growth hormone is extracted from
human pituitaries obtained at autopsies either
by using hot glacial acetic acid, purifying with
oxycellulose and precipitating with ethyl alcohol
(RABEN, 1959), or by using phosphate buffer
precipitation with ammonium sulfate at dif-
ferent pH, resin, and sephadex chromatography
(L1, 1966; Roos, 1963). Growth hormone is
stored in large amounts in the hypophysis and
forms 3% of the acetone dry powder of the
hypophysis. One human hypophysis will there-
fore yield 3-5 mg or even more (GEMZELL, 1958).
The content of growth hormone in the hypo-
physis seems to be independent of the age of
the individual.

Careful treatment with proteolytic ferments
causes partial decomposition without affecting
the biological action. Chymotrypsin can break
down human growth hormone by 25%, and
pepsin can break it down to 50% without
affecting its potency. Therefore, the “‘active
core” probably contains a peptide nucleus of
only about 100 amino acids. Despite crystal-
lization the human growth hormone currently
extracted does not appear to be fully homo-
geneous. It can be dispersed into four active
components by starch-gel electrophoresis and
also by sephadex chromatography. It is possible
that artifacts producing subtle changes occur
during extraction. The immunological behavior
of the hormones is similar, but they differ in
biologic potency. In acromegaly, growth hor-
mone is radioimmunologically high, and pro-
lactin is found to be low. In the lactating woman,
however, the situation is reversed, and growth
hormone is found to be normal, whereas pro-
lactin is high (RoTH, 1967).

Growth hormones of other mammalian
species have other amino-acid sequences and
molecular weights up to 48000. Bovine and
ovine growth hormones probably consist of
branched polypeptide chains. Similarities in the
molecular structure exist between the growth
hormones of the human and monkey, between
those of pig and whale, and those of cow and
sheep.

Human growth hormone produces anti-
bodies in the rabbit which only react with
human or monkey growth hormone. Bovine
growth hormone forms antibodies which precip-
itate bovine and ovine growth hormones in
agar. Bovine growth hormone is not effective in
man, monkey, or guinea pig. On the other hand,
growth hormone from man and from monkeys
is effective in all vertebrates with the exception
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of guinea pig and fish. The effect of human
growth hormone in the rat, however, decreases
after 10 days because of antibody formation,
whereas bovine growth hormone continues to
be effective.

b) Plasma Concentration, Half-Life, Turnover,
Daily Production

Normal serum growth hormone values are
0-3 pg/ml (>90%) when measured by radio-
immunological methods (HUNTER, 1964; UTIGER,
1964 ; GLICK, 1965; BODEN, 1967) under standard
conditions in the adult following an overnight
fast.

Age-dependence: Considerably elevated val-
ues are found in premature infants. The values
estimated from the umbilical venous blood in
newborns are also high. In infants and babies
they lie between 0 and 10 pg/ml until the
fourth year of age. These findings indicate
that the notion that growth during the first
year of life is not affected by growth hormone
is mistaken. The values are between 0 and
5 ug/ml from the fourth year onwards, and no
differences are demonstrable in the basal values
from early adulthood to old age. Growth
hormone secretion increases during sleep,
but paradoxical sleep inhibits its secretion
(HonDA, 1969). Sexual differences have been
demonstrated (MERIMEE, 1966). Oral contra-
ceptives are thought to increase the level of
growth hormone by approximately 10 pg/ml
(SpELLACY, 1967).

The half-life of human growth hormone is
25 minutes. The fractional turnover rate is
2.8% or 0.5-0.8 mg/day under basal conditions.
The total daily secretion under the influence of
food, starvation, and muscular activity must lie
between 3—-5 mg, according to the therapeutic
dose for pituitary dwarfism (PARKER, 1962;
GLICK, 1965). The multi-exponential curve of
decrease causes uncertainty in the calculation
of other compartments and of the half-life
(CaMERON, 1969; TAYLOR, 1969). According
to more recent studies based on the determina-
tion of integrated plasma growth hormone
levels (KOWARSKI, 1971), the daily secretion of
growth hormone is even lower and ranges from
0.6 to 1.5 mg per day, being higher in women
than in men. Breakdown is achieved partly by
proteolytic enzymes not specific to growth
hormone alone and partly by enzymes which
disintegrate the disulfide linkage (PARKER, 1962;
SIREK, 1964). A small proportion has been
recently demonstrated to be excreted unchanged
in the urine.

Human growth hormone does not pass into
the placenta; consequently, the high concentra-
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tion of growth hormone in the blood of the
newborn comes from the infant. The half-life
of the maternal growth hormone is reduced
before birth (LARON, 1966).

3. Substances with Partial Effects of Growth
Hormone

a) Lipolytic Polypeptides from the Pituitary

Apart from growth hormone there are other
hormones secreted by the adenohypophysis
which have a lipolytic action in vitro, partly
species-specific. These are ACTH, TSH, and
the o- and B-MSH. Arginine-vasopressin, one
of the neurohypophyseal hormones, also has a
lipolytic effect. The physiological significance
of the lipolytic activity of these hormones is
unknown.

In addition, other proteins and polypeptides
with a lipolytic effect have been isolated from
the pituitary gland of different types of animals
(ScHWANDT, 1968 ; TRYGSTAD, 1967/1968 ; RUD-
MAN, 1962/1965). Although a hypophyseal hor-
mone concerned specifically with fat metabolism
was discovered over 30 years ago (ANSELMINO
and HOFFMANN, 1965), it is still not known
whether such substances (lipotropin, adipokinin)
are involved in regulating fat metabolism, with
the exception of growth hormone.

A substance of protein character can be
demonstrated in the urine of fasting persons.
This substance mobilizes free fatty acids in
vitro from the adipose tissue of the rat, and in
vivo it produces lipemia, fatty degeneration of
the liver, and ketosis. The occurrence of this
substance is dependent on an intact hypophysis.
It is not claimed to be identical to growth
hormone or ACTH (CHALMERS, 1960).

b) Chorionic Growth Hormone-Prolactin
Complex (CGP, HPL, see also p. 677)

Pregnancy leads to changes in the facial features
which can, however, vary individually and which
are reminiscent of acromegaly (acromegaloidism
of pregnancy). Pregnancy also causes growth
of the breasts and an anabolic metabolic state.
These three changes cannot be explained by an
increase of the sex hormones alone during
pregnancy, so that it is likely that the activity
of growth hormone is also increased during
pregnancy. On the other hand, hypophysectomy
during pregnancy does not impair the course of
the pregnancy, and the physical changes in the
woman do not regress.

A protein has been extracted from placentas
of the human and the monkey. In animal
experiments, it shows activities similar to those
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of prolactin and of growth hormone also, but
only to a very slight degree. It reacts immuno-
logically with antiserum to human growth hor-
mone, again more weakly than human growth
hormone does. The biochemistry, physiology,
and clinical significance of this chorionic growth
hormone-prolactin (KAPLAN, 1964) or the pla-
cental lactogen (JOoSIMOWITSCH, 1962) which
has been demonstrated in the serum and urine
of pregnant women, as well as in the retro-
placental blood, is discussed in Chap. XI,
p. 677.

c) Hypoglycemic Factor

Tests are still necessary to determine whether
the small molecular polypeptide obtained from
bovine growth hormone with an exclusively
hypoglycemic action is a hormone distinct
from growth hormone (HUGGINGS, 1961).

d) Bovine Growth Hormone Digests

It has apparently been confirmed that bovine
growth hormone treated carefully and briefly
with trypsin can produce pronounced meta-
bolic activities of human growth hormone in
people with hypopituitarism. This suggests
that there i1s an active core common to both
molecules (SONENBERG, 1967; NADLER, 1967).

D. Physiology

1. Metabolic Effects of Growth Hormone

Growth hormone is a metabolic hormone
playing a definite role in the regulation of
protein, carbohydrate, and fat metabolism. It
also appears to have the effect of a biological
synergist which can intensify certain actions of
other hormones, such as LH, testosterone, and
ACTH (in relation to growth of the adrenals).
Growth hormone and insulin form an important
synergistic and antagonistic system.

The effect on organs such as the liver and
the kidney is demonstrated by the increase of
bromsulphalein-, insulin-, creatinine-, and PAH-
clearances.

a) Protein Metabolism

STH has an anabolic effect. It promotes protein
synthesis, and under its influence, the nitrogen
balance becomes positive. The urinary ex-
cretion of urea, creatine, and nitrogen decreases,
with a relative increase in the nitrogen of the
amino acids. Plasma urea and nonprotein
nitrogen fall, and certain amino acids (Tre,
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Ser, Gly, Meth) increase (ZACHMANN, 1968).
A single intramuscular injection of 2mg is
sufficient to produce an effect of this nature
lasting for 2-3 days in the adult.

It has been shown in vitro and in vivo that
growth hormone promotes the transport of
specific amino acids, particularly leucine and
glycine, into the cells (KNOBIL, 1961). This trans-
port activity is not inhibited by puromycin and
is therefore independent of protein synthesis. In
addition to this transport activity the mode of
action of growth hormone on protein synthesis
can be investigated in the cell-free system of the
rat liver. In this cell-free system a growth hor-
mone administered to the animal in vivo pro-
motes the incorporation of amino acids into
protein. This does not affect the amino acids
activating enzymes, or the uptake, or the
transmission of the soluble RNA. On the other
hand, growth hormone promotes the linking
together of activated amino acids into poly-
peptides within the microsomes (KORNER, 1965).
It influences the synthesis of the Transfer-RNA,
which is the limiting step in protein synthesis,
and therefore increases the number of ribosomes
and their aggregation to form polysomes (TAL-
WAR, 1964; KORNER, 1968). These activities of
growth hormone are not inhibited by actinomy-
cin, and they do not, therefore, take place via
DNA metabolism. Cell division may be stim-
ulated under the influence of growth hormone
(CATER, 1957; MooN, 1962), but the frequent
mitoses are more likely to be due to the in-
creased supply of substrates.

Although a direct action of growth hormone
on protein synthesis has been demonstrated in
vitro, synergism with insulin is essential to
produce the maximum anabolic effect. Insulin
alone also promotes the introduction of amino
acids into the cells, but it has no growth-promot-
ing effect after hypophysectomy.

In vitro, growth hormone does not promote
the incorporation of sulfur into cartilagenous
tissues as does the sulfation factor. This factor,
however, increases in the serum under the
influence of growth hormone. Therefore, growth
hormone probably has an indirect effect upon
growth through generation of the sulfation
factor (DAUGHADAY, 1966). It has recently
been shown that the sulfation factor is probably
identical to NSILA-S (see Chap. XIII, p. 749f.)
and it has been tremed somatomedin (see

p. 88).

b) Carbohydrate and Fat Metabolism

In vitro, a lipolytic effect of relatively high doses
of growth hormone can be demonstrated in
isolated fat tissue due to the hydrolysis of
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triglycerides in the depot fat (RABEN, 1962;
WINEGRAD, 1959). Free fatty acids and glycerol
are released into the medium, the latter to a
greater extent, since intensive intracellular re-
esterification of the free fatty acids occurs at
once. The intracellular glycerol requirements
are covered by increased glucose uptake by the
tissue or by glycogenolysis. While glucose
taken up under insulin stimulation is broken
down via the pentose phosphate pathway,
glucose taken up under the influence of growth
hormone is metabolized by glycolysis and the
KREB’s cycle. Recently, lipolysis produced by
physiological concentrations of growth hor-
mone in the presence of added glucocorticoids
has been successfully demonstrated in isolated
fat cells (FAIN, 1965). It is not clear how lipolysis
is induced by growth hormone. It begins after
a latent period of 1-2 hours and reaches a
maximum after 4 hours. It is inhibited by
actinomycin D (FAIN, 1965). Tissue lipase is
not activated as is the case with adrenaline or
ACTH. In-vitro experiments on the effects of
growth hormone on muscular tissue have not
produced consistent results (BopEeL, 1962 ; HEN-
DERSON, 1961).

In vivo, 3 phases can be differentiated among
the metabolic effects of growth hormone. These
are: an early phase lasting 0-30 minutes, an
intermediate phase lasting between 30-240
minutes, and a late phase lasting some days
or weeks.

In the first phase, human growth hormone
promotes the intake of free fatty acids and
glucose into the musculature. A brief fall
in the free fatty acids and blood glucose occurs
simultaneously during the first phase, partic-
ularly in the hypophysectomized or adrenalec-
tomized animal. The hypoglycemia is difficult
to explain. It is not caused by a rise in insulin,
since the plasma insulin level remains low
(ZAHND, 1960). Increased transport of glucose
into fat tissue under the influence of lipolysis
and re-esterification has been considered (WEIL,
1965), but decreased glucose uptake by the
musculature and fatty tissues precedes lipolysis.
Protein synthesis, which removes glucoplastic
amino acids from gluconeogenesis, has also
been considered as the cause of hypoglycemia,
but protein synthesis commences only after
several hours. The possibility that the early
hypoglycemia due to growth hormone may be
caused by carbohydrate retention in the liver
has been discussed. Today, the role of somato-
medin has to be considered.

In the second phase, growth hormone pro-
motes lipolysis in adipose tissue, with the release
of glycerol and free fatty acids into the blood
and an increase in their blood level. The in-
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creased flux of free fatty acids exceeds the capac-
ity of the liver to oxidize them completely,
so that they leave the liver as ketone bodies.
Peripheral tissues cannot cope with these, and
thus keto-acidosis may develop under the
influence of growth hormone. Glucose uptake
by the musculature is inhibited, glucose toler-
ance decreases, and the assimilation coefficient
falls to sub-normal values (IKkos, 1962). The
increased supply of free fatty acids is suspected
to inhibit glucose uptake (RANDLE, 1964). How-
ever, growth hormone reduces glucose absorp-
tion before the free fatty acids in the blood
rise. It is possible that inhibition of glucose
absorption by the musculature and fatty tissues
is the primary effect of growth hormone, and
that lipolysis only results from a carbohydrate
deficiency in the fatty tissue. Gluconeogenesis
in the liver is increased under the influence
of free fatty acids (SOLING, 1966), which causes
a further fall in the glucose tolerance. When
insulin and growth hormone act at the same
time, the increased glucose absorption induced
by insulin is diminished, and the lipolytic
effect of growth hormone is blocked.

Third phase and growth hormone-diabetes :
Growth hormone promotes protein synthesis
and growth only in the presence of insulin.
An increased secretion of insulin, “an extra-
insulin”, is not necessary, as was indicated by
earlier results, although growth hormone in-
hibits glucose absorption in the musculature
and fatty tissue and reduces the sensitivity to
insulin (Scow, 1960). When growth hormone is
administered for 4 days to 2 weeks, the insulin
secretion diminishes in carnivores, such as dog
and cat; the blood sugar rises, and reversible
“idiohypophyseal” diabetes develops. The B-
cells of the pancreas are irreversibly damaged
if the administration of growth hormone is
further continued, and permanent “metahypo-
physeal” diabetes indistinguishable from that
produced after pancreatectomy develops. The
hyperglycemia is accompanied by keto acidosis,
glucosuria, and acetonuria.

Man and monkey react in a similar way to
dog and cat (IkKkos, 1962). In herbivorous
animals, such as rabbit, guinea pigs, and sheep,
whose islet cells are more resistant and are
capable of regeneration, idiohypophyseal or
methahypophyseal diabetes can only be pro-
duced by concurrent forced feeding, or partial
pancreatectomy, or by previous treatment with
alloxan.

Growth hormone always produces growth
in the rat, where the epiphyseal cartilages remain
open throughout life. Puppies and cats grow
under the influence of growth hormone as long
as the epiphyseal cartilages remain open. In
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adult animals, however, diabetes develops, since
the glucose can no longer be used for building
tissues. Puppies treated for long periods with
growth hormone fail to grow and become
diabetic. Administration of insulin abolishes the
diabetes and re-establishes growth. Growth
hormone only has a diabetic action when
growth is impossible or when the insulin pro-
duction is limited and the glucose cannot be
used in other ways. Lactating or pregnant rats
grow. If lactation in the goat is prevented by
resection of the udder, diabetes develops (BERT,
1883).

Although 10 mg HGH im. reduces the
glucose tolerance after 12 hours in the normal
human (MITCHELL, 1970), only 25% of patients
with active acromegaly are diabetic. Contrary
to previous suspicions, diabetics do not have
raised growth hormone levels in the plasma
(GLICcK, 1965). Growth hormone levels can,
however, be relatively high in relation to
the raised blood sugar in diabetics, but this
is due rather to impaired intracellular carbo-
hydrate utilization in the regulation centers
(see p. 761) which may possibly be dependent
upon insulin (GLICK, 1965). Whether growth
hormone is or is not connected with diabetic
retinopathy is still under discussion (POWELL,
1966; LUNDBAEK, 1970).

¢) Effect of Growth Hormone on Energy Balance

Insulin and somatotropin regulate liberation,
utilization, and regeneration of glucose, free
fatty acids, and amino acids in the sequence
of food intake or fasting.

The blood sugar rises immediately after
intake of food and leads to the release of insulin
after 1 hour and to a fall of growth hormone
in the blood. Glucose absorption and glycogen
synthesis are promoted. At the same time,
triglyceride synthesis starts, lipolysis is blocked,
and the free fatty acids in the blood fall. In the
second phase, the glucose falls and growth
hormone begins to rise in the presence of con-
tinuous insulin activity. This constellation pro-
motes protein synthesis to a maximum while
glucose absorption decreases with reduced glu-
cose supply, thereby reserving the glucose for
the nervous system. Finally, in the third phase,
in the fasting or starving state the blood sugar
falls to normal values and insulin falls while
growth hormone continues to rise, inducing
lipolysis. Glucose absorption is then at a mini-
mum, protein synthesis is at a standstill without
insulin, and free fatty acids are disposed of by
the musculature. The glucose requirement during
this phase is not only reduced by the supply
of free fatty acids, but also particularly by
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glycerol, which is a precursor of glucose. Growth
hormone tulfills different important functions
for the period without any nutritional intake.
In this way, it reduces the glucose requirement
in the musculature, abates protein synthesis
at the same time, and offers the musculature
and liver free fatty acids in return, so that the
remaining glucose is at the disposal of the
nervous tissue which is dependent on glucose
(ZIERLER, 1963).

Some authors still doubt that so many dif-
ferent types of actions, such as protein synthesis,
fat metabolism, insulin synergism and antag-
onism, growth, and production of diabetes,
can be due to the same hormone. Two pituitary
hormones, somatotropin and adipokinin, chem-
ically similar and with the same immunological
behavior but with different biological activity,
have been considered (LEVINE, 1964; LUFT,
1966). Both, however, like the purest growth
hormone preparations so far known, produce
protein synthesis and lipolysis. In addition, the
connection of the anabolic effect with the
mobilization of fuel from their depots seems
to be rational. The chief effect of somatotropin
is not so greatly cerned with growth (growth
hormone is produced in the same amounts
after growth is completed) but is concerned
rather with the maintenance of homeostasis
in catabolic states, such as fasting, muscular
activity, and hypoglycemia. The difficulty in
accepting that the same substance regulates
acute metabolism and the long-term process of
growth may be overcome by regarding the
effect on growth as being indirect (sulfation
factor) and not dependent of short-lived varia-
tions (DAUGHADAY, 1966).

d) Electrolyte and Water Metabolism

The urinary excretion of sodium, potassium,
phosphorus, and chloride decreases under the
influence of growth hormone, whereas the
urinary calcium excretion generally rises. Aldo-
sterone secretion is not directly influenced.
Water retention is parallel to that of sodium,
and the extracellular space increases (BIGLIERI,
1961). The calcium and phosphorus balance
is generally positive, although a negative cal-
cium balance has occasionally been observed
(KNOBIL, 1964). Intestinal calcium absorption
seems to be enhanced, and calcium may possibly
be mobilized from the skeleton. This may be
due to an indirect parathyroid activation (FRA-
SER, 1960). Phosphorus and calcium are stored
in proportion to the nitrogen, corresponding
to the composition of muscular tissue. The
excess potassium retained probably goes into
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the liver. Among the serum electrolytes, only
phosphorus retention is reflected in an elevated
phosphate value.

e) Effects on Other Endocrine Glands

o) Pancreas: Contrary to previous opinions,
there has been no successful demonstration that
physiological amounts of growth hormone can
directly induce the formation or release of insulin
from the pancreas. Consequently, growth hor-
mone leads only indirectly to increased insulin
secretion and hyperplasia of the B-cells.

B) Adrenal glands: Enlargement of the
adrenals and the thyroid gland under growth
hormone is due to the effect on growth. There
is no change in the excretion of 17-ketosteroids,
17-hydroxysteroids or aldosterone.

v) Thyroid gland: An increase in the BMR
is due to extrathyroidal factors. The protein-
bound plasma iodine or thyroxine is not in-
fluenced. On the other hand, radioiodine studies
have demonstrated an elevated velocity index
in acromegaly (2/48 h uptake ratio) correspond-
ing to an accelerated iodine turnover.

8) Parathyroids: These glands can be activ-
ated indirectly through an elevated serum
phosphate level and a fall in the calcium level.

For effects on milk secretion see p. 695. For
discussion of the effects of other hormones on
the secretion of growth hormone see p. 90f.

f) Influence on Growth (See also Chap. XIX)

In pituitary insufficiency in animals and man
growth is interrupted in the growing phase even
when nutrition remains undisturbed. Growth
hormone re-establishes normal growth. It works
directly on the tissues without involving other
endocrine glands, since it is also effective in
eviscerated animals providing that small amounts
of insulin and probably ‘“‘somatomedin” (see
below) are present. In animals where the epi-
physeal cartilages are open throughout life,
STH can produce continuous growth for the
rest of their lives when the dosage is adjusted
to the increasing weight. Thus, in 435 days a
gigantism of over 600 g could be produced in
rats, with the experiment only coming to an
end when the maximum life-span of the rat
was reached.

Growth is presented first as an increase in
weight due to synthesis of protein and water
retention corresponding to the composition of
the embryonic tissue. The fat content of the
entire organism decreases, and growth of the
liver, kidneys, heart, stomach, and gut is in
proportion to body weight. Compensatory hy-
pertrophy of the remaining kidney after uni-
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lateral nephrectomy is only possible under the
effect of growth hormone (ASTARABADI, 1963).

STH promotes endochondral bone growth.
Under its influence columns of cartilage and
lamellae of bone with numerous osteoblasts are
formed in the epiphyseal cartilages. Increased
serum alkaline phosphatase reflects osteoblastic
activity. The cells of the epiphyseal cartilages
increase in number and size. Measurement of
the width of the columnar cartilage at the
transition to the bony rib has been used as a
test for the activity of growth hormone (see
p. 124). Theincorporation of sulfate into cartilage
is increased and probably occurs indirectly
through the sulfation factor (see p.89). In
addition to polysaccharide synthesis, soluble
collagen is also formed and its rapid turnover
is apparent in the appearance of more hydroxy-
proline in the urine. Growth hormone promotes
growth even in the absence of thyroid hormone.
Thyroid hormone, however, can intensify the
growth activity of STH without itself influencing
growth. On the other hand, insulin is necessary
for growth, even if it does not promote growth
by itself. The effect on growth and that on
carbohydrate and fat metabolism are probably
due to the same hormone, and the connection
of growth with economy of carbohydrates and
amino acids at the expense of fats is reasonable.

It is not known why growth hormone can
cause growth in certain phases of life and has
no effect in other phases. The capacity of the
tissues to respond must vary in the different
phases of growth. It is possible that the effect
of growth hormone on growth is only permissive.

g) Sulfation Factor, Somatomedin, NSILA-S

A peptide with a molecular weight of appro-
ximately 6000-10000 which increases the in-
corporation of **S and H3-thymidine into rat
and chicken cartilage has been partially purified
from serum. This substance has been called
“sulfation factor”, and sometimes ‘‘thymidine
factor”. It was established that patients with
acromegaly have high concentrations of sulfa-
tion factor in the serum, whereas pituitary
dwarfs do not; when pituitary dwarfs are
treated with growth hormone the “‘sulfation”
activity in their serum increases. Some in-
vestigators believe that the sulfation factor is
produced in the body, possibly in the liver,
under the influence of growth hormone. The
hypothesis has been put forward that growth
hormone by itself does not stimulate growth
but rather that its effects are mediated by the
sulfation factor. It has therefore been suggested
that the sulfation factor be called ‘‘somato-
medin”.
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Nonsuppressible insulin-like activity
(NSILA-S) has proven extremely active in stim-
ulating the incorporation of **S into rat cartilage
and the growth of fibroblasts in culture. In all
likelihood NSILA-S and somatomedin are iden-
tical. However, the physiological significance
of somatomedin and NSILA-S must be inter-
preted with caution. There are probably several
substances in the blood which have some
growth-promoting activity, and growth hor-
mone is not the only hormone controlling their
concentration in the serum.

2. Regulation of the Secretion of Growth Hormone

Growth hormone, as an important metabolic
regulator, shows considerable variations in
concentration during the course of the day.
There are, however, short bursts during night
sleep, whose nature has not yet been explained.
It 1s now known that the following conditions
affect the release of growth hormone:

a) Hypoglycemia and fall in blood sugar

b) Fasting

¢) Muscular activity

d) Certain amino acids

e) Stress: fever, operations

f) Catecholamines

g) Other mechanisms.

a) Hypoglycemia

A fall in the blood sugar to 50% of its original
value causes an approximately 5-fold increase
of growth hormone. The hormone level first
falls for a short interval of time, then increases
to the maximum between 15-30 minutes after
the nadir of the blood sugar is reached and
persists at this level for several hours. The
hypoglycemia can be released by insulin or
tolbutamide, or by blocking liver gluconeo-
genesis. The increase in growth hormone can
be prevented by giving glucose at the same
time. On the other hand, hypoglycemia due to
alcohol produces no rise in the growth hormone,
probably because the hypoglycemia develops
slowly. Growth hormone secretion persists at
the same level throughout the hypoglycemia.
Since the half-life of growth hormone is 20-30
minutes, there must be continuous secretion
of the hormone to maintain a constant level.
A rise in the growth hormone may even be
produced by slight decreases of 10 mg/100 ml
in the blood sugar which is a physiological
occurrence during the day (LUFT, 1966).

The releasing stimulus is obviously a defi-
ciency of the intracellular utilizable glucose,
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since administration of 2-deoxyglucose also
leads to a rise in the growth hormone in spite
of hyperglycemia.

A fall in blood sugar also causes release of
growth hormone even if the blood sugar values
are still above normal. Variable increases in
growth hormone not proportional to the degree
or speed of the fall in blood sugar can arise
4-6 hours after glucose overloading without
necessarily producing clinical symptoms due
to the fall in blood sugar.

Testosterone promotes and medroxyproge-
sterone inhibits the increase of growth hormone
after hypoglycemia (ILLIG, 1970).

b) Fasting

A fairly long fast, i.e. deprivation of food for
more than 12—-15 hours, leads to a continuous
rise in growth hormone in the blood. There is
usually an initial high peak, after which the
concentration varies around the average value
during subsequent days if fasting is continued.
The rise is not so pronounced or rapid as in
hypoglycemia and this increase may be absent
or much less pronounced in the obese. Nev-
ertheless, overweight subjects can break down
their fat depots just as well during fasting
and their metabolism is not maintained at
the expense of protein. The failure of growth
hormone to rise is a result rather than the
cause of obesity.

¢) Muscular Activity

Moderate muscular activity such as walking
for 30 minutes causes a pronounced rise of
growth hormone levels in the blood. It has
been suggested that this rise is greater in women
and in men treated with estrogens (FRANTZ,
1965). It can be mitigated considerably by
previous administration of glucose. Wide varia-
tions of short duration result from continuous
activity (HUNTER, 1966).

d) Amino Acids

Infusion of 15-30 g of certain acids over 30
minutes leads to a considerable rise (5- to
10-fold) in the plasma growth hormone after
1-2 hours. This effect is independent of the
blood sugar. There is a simultaneous release
of insulin, and the two act synergistically to
enhance protein synthesis. Arginine, ornithine,
histidine, and lysine are effective; phenyalanine,
methionine, valine, and threonine are feebly
effective; leucine is not always active; and
isoleucine has no effect (KNOPF, 1965; FAJANS,
1967; RABINOWITZ, 1966). It has been suggested
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that the two sexes respond differently and
that estrogens promote the response (MERIMEE,
1967).

e) Operations

Serious operations involving the opening of
the abdomen or the thoracic cavity lead to a
considerable rise of growth hormone which
cannot be inhibited by continual glucose in-
fusions or even by hyperglycemia. Anesthesia
alone or with electric shock does not produce
the release of growth hormone. Minor surgical
procedures, such as herniotomy, cause only
a slight increase in growth hormone, which
can be prevented by glucose administration.

f) Catecholamines

Adrenaline stimulates the release of growth
hormone, probably via cyclic AMP (GAGLIAR-
DINO, 1968). The a-receptors appear to promote
growth hormone release by hypoglycemia, where-
as the P-receptors have an inhibitory effect.
Promotion and inhibition can be abolished by
phentolamine (BLACKARD, 1968) respectively
propranolol (IMURA, 1968).

g) Other Mechanisms

Besides the stimuli for growth hormone secretion
mentioned above, other compounds such as
a-MSH, L-Dopa, and metyrapone have been
shown to cause a substantial increase in the
plasma levels of growth hormone.

h) Stimuli Decreasing Growth Hormone

Administration of glucose causes an elevated
growth hormone level to fall in healthy subjects
and in diabetics. The effect of protein adminis-
tration is not consistent (amino acids, see
p. 89). Overloading with fat has no effect on
the release of growth hormone. Glucocorticoids
inhibit the release caused by hypoglycemia
(PECILE, 1966) and the normal diurnal variation
(STIEL, 1970).

i) Localization of the Regulation

Stress and metabolic effects are registered and
co-ordinated with endogenous rhythms (sleep)
in the hypothalamus which then releases GRH
(growth hormone releasing hormone) to regulate
the discharge of growth hormone from the
adenohypophysis (see Chap. II, p. 32). Normal
basal values are still found after section of the
pituitary stalk. There is no rise with hypo-
glycemia following lesions of the ventromedial
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nucleus in the hypothalamus. In the monkey
the hypoglycemic stimulus is ineffective. Growth
hormone releasing hormone (GRH see Chap.
II, p. 32), which leads to the release of growth
hormone from the adenohypophysis in vitro
and in vivo, has been extracted from the hypo-
thalamus *. It is not known how the stimulus is
registered in the hypothalamus. Intracellular
carbohydrate deficiency seems to be a stimulus,
but this does not explain the effect of fasting
since the intracellular carbohydrate content of
the central nervous system does not decrease
and hypoglycemia does not develop.

It is not known how the hypothalamus
registers muscular activity. Different factors,
such as reflexes along nerve tracts, humoral
stimulants from active muscle, possible metabolic
products of the muscle, and finally, the drainage
of the blood from the central nervous system
into the active musculature have been considered.
The mechanism by which surgical stress leads
to the release of growth hormone is also unknown
(REICHLIN, 1966).

3. Interactions of Growth Hormone with Other
Hormones

Since, unlike other pituitary hormones, growth
hormone exerts its multiple effects not on a
target organ, but on every cell in the organism,
its action might be expected to depend on the
metabolic equilibrium of each cell, which in
turn is modified by other hormones. Indeed,
practically all known hormones have been found
to have at least some direct or indirect modifying
effect on the production, release and/or meta-
bolic action of growth hormone.

The interactions between growth hormone
and catecholamines and between growth hor-
mone and insulin have already been discussed
(see p. 88). In addition to the interactions with
insulin, it should be mentioned that glucagon
has recently also been found to stimulate the
secretion of growth hormone in certain condi-
tions (MITCHELL, 1969; WEBER, 1970). Whether
this is of any physiological importance remains
to be seen.

a) Growth Hormone and Other Pituitary
Hormones

ACTH is capable of stimulating the secretion
of growth hormone in a similar way to insulin
(ZaunND, 1970). This is apparently a direct
effect of ACTH, which is not mediated through
the glucocorticoids. Vasopressin and its synthetic
analogue, lysine-vasopressin, are not merely
potent stimulants of ACTH secretion (GWINUP,
1967), but also stimulate the release of growth

* For GRIH see p. 32.
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hormone (GAGLIARDINO, 1967). However, this
effect generally occurs only if vasopressin is
administered in amounts far higher than those
secreted physiologically, and it is questionable
whether physiologically important interactions
exist.

So far, no direct interactions have been
demonstrated between TSH or gonadotropins
and growth hormone.

b) Growth Hormone and Thyroid Hormone

Basal growth hormone levels in hypothyroid
subjects are not usually significantly different
from those found in normal subjects (IWATSURBO,
1967), but in hyperthyroidism the growth hor-
mone levels tend to be raised (VINIK, 1968).
In contrast, hypothyroid patients have a blunted
response to stimuli of the growth hormone
secretion such as insulin (IWATSUBO, 1967) or
arginine (K ATz, 1969) administration. Theaware-
ness of this interaction is clinically important,
because in untreated primary hypothyroidism
the results of growth hormone secretion tests
may be falsely pathologic and may lead to the
erroneous diagnosis of growth hormone defi-
ciency.

¢) Growth Hormone and Glucocorticoids

On the basis of experience with children requir-
ing treatment with large doses of glucocorticoids
(e.g. for bronchial asthma) whose growth became
stunted, pediatricians have long suspected that
glucocorticoids might inhibit the secretion of
growth hormone. It is now certain that the
effects of glucocorticoids on growth hormone
are manifold. Although there are still many
inconsistencies in the experimental evidence,
it may be stated that glucocorticoids do not
impair the production of growth hormone in
the pituitary gland itself, but they may inhibit
its release into the bloodstream (FRANTZ, 1964).
In addition, glucocorticoids seem to inhibit the
peripheral growth-promoting actions of growth
hormone, since glucocorticoids slow the growth
rate even in hypopituitary dwarfs during sub-
stitution therapy with human growth hormone
(Sovka, 1965).

d) Growth Hormone and Sex Hormones

Although testosterone does not influence basal
growth hormone levels, it increases the maxi-
mum growth hormone-secretory capacity in
response to stimuli (MARTIN, 1968; see also
p. 89).

In contrast to testosterone, estrogens do
increase the basal growth hormone levels. Adult
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women generally have higher fasting growth
hormone levels than children, men, or post-
menopausal women, and the levels in men and
children can be increased by the administration
of estrogens (UNGER, 1965; FRANTZ, 1965).

The influence of synthetic sexual steroids
such as medroxyprogesterone and oral con-
traceptives on the secretion of growth hormone
has already been mentioned (see p. 89).

E. Pituitary Insufficiency,
Panhypopituitarism

1. Classification

Before the leading role of the hypophysis in
regulating the endocrine organs was known,
this illness was referred to as ‘“‘pluriglandular
insufficiency” (CLAUDE) or “multiple endocrine
sclerosis” (FaLTA). These diagnoses are only
rarely justified now (see Chap. XVIII). Isolated
failure of each adenotropic hormone may occur
(see p. 97f.), but failure of the whole anterior
lobe is much more frequent and is described
as panhypopituitarism or SIMMOND’S disease.
The most common causes are postpartum
necrosis (Sheehan’s syndrome) and destruction
of the anterior lobe due to a pituitary tumor
usually involving the posterior lobe as well.
Failure of the posterior lobe does not, however,
alter the clinical picture substantially. Diabetes
insipidus is due to failure of the hypothalamic
nuclei.

The clinical picture of hypopituitarism in its
purest form is seen after therapeutic hypo-
physectomy for metastasizing carcinoma of the
breast. The progression of symptoms can be
followed in every detail in these cases. See
p. 97f. for partial pituitary insufficiency.

2. Occurrence and Incidence

Panhypopituitarism is uncommon. SHEEHAN
(1968) estimates an incidence of 100 cases of the
most common variation of the disease, post-
partum pituitary necrosis, in 1 million women.
He found hypopituitarism in 8% of patients
with mild blood loss during the delivery and
in 53% of patients with severe hemorrhage.
While SHEEHAN expected the development of
pituitary insufficiency in over half all patients
with severe postpartum hemorrhage, SCHNEE-
BERG (1960) found pituitary failure in only 4 of
35 cases with postpartum shock, and a follow-up
of 235 patients in Zurich who lost more than
1 liter of blood at delivery did not reveal a
single case of Sheehan’s syndrome (WIESEN-
DANGER, 1959). The incidence is certainly low,
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and it is dependent on the population under
investigation.

Panhypopituitarism is found more frequently
in the female (65%), and is most common in the
3rd and 4th decades of life.

The relative incidence of the processes
leading to pituitary failure is seen from the
review by SHEEHAN and SUMMERS. Partial pitui-
tary insufficiency is more frequent than was
previously estimated and occurs more frequently
than panhypopituitarism in chromophobe pitu-
itary adenomas.

3. Etiology and Pathogenesis

Hypopituitarism is due to hypophyseal failure
which may be caused by destruction of the
hypophysis itself, or its connections with the
hypothalamus, or by lesions in the hypothala-
mus. In most cases, four-fifths of those in the
table given by SHEEHAN and SUMMERS, the defect
is in the hypophysis itself. As a rule, one quarter
of the original parenchyma of the anterior lobe
can maintain the necessary adenotropic function
of the hypophysis. Therefore, only 1-2% of
intact tissue is usually found in severe cases.
Weeks or years may elapse between the onset
of the necrosis and the clinical appearance of
hypopituitarism. The patients survive for 10—
15 years on average, and sometimes even for
over 40 years. Hypopituitarism becomes mani-
fest in one fifth of the patients due to processes
which interrupt the connections between the
brain and the hypophysis. These are usually
extrasellar cysts and tumors. As indicated in
the discussion of the morbid anatomy of the
hypophysis below, the etiology and pathogenesis
of the basic diseases leading to pituitary failure
are very varied. Necrosis of the adenohypo-
physis can be produced experimentally in rats
with intravenous hexadimethrin bromide (Ko-
VACS, 1967).

4. Pathological Anatomy

Hypopituitarism can be caused by damaged
cerebral centers. The most frequent cause of
panhypopituitarism however are necrosis of
the hypophysis and its residual state (KERK-
HOVEN, 1966). These causes are followed in
frequency by tumors and cysts. In contrast,
inflammatory processes are relatively seldom
responsible.

Symptoms due to partial failure, however,
are more frequently produced by tumors and
inflammatory processes of the hypophysis than
by necrosis and sequelae.

Necroses of the anterior pituitary lobe are
not infrequently found during the systematic
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patho-anatomical examination of postmortem
cases. PLAUT (1952) demonstrated this during
routine examination in almost 10% of male
cadavers chosen at random (13 cases among
149 sections). SHEEHAN and STANFIELD (1961)
found the same in 3% of their postmortem
cases. Many necroses, however, must be con-
sidered as terminal complications.

The postpartum type of pituitary necrosis
due to shock is most common. Vascular spasm
seems to have a decisive pathogenic effect.
Vascular thrombi, which can often be dem-
onstrated in postpartum necrosis, are only
a secondary phenomenon. In addition to the
shock, a further factor is still needed to cause
the necroses. Hypertrophy of the anterior lobe
during pregnancy in the presence of a limited
blood supply, the impossibility of expansion
within the sella, the increase in the hypophyseal
metabolism and postpartum involution with
diminished blood supply are together responsible
for the necroses. Apart from necroses during
pregnancy, hypophyseal necroses have also been
observed after shock resulting from hemor-
rhage, burns, epidemic hemorrhagic fever,
sickle-cell crisis, insulin-shock treatment, and
pulmonary embolism. These necroses, however,
are usually less extensive than the postpartum
type. Necroses of the anterior pituitary also
occur in diabetes and hemochromatosis.

In addition, necroses of the anterior lobe
occur frequently as a concomitant symptom
in primary and metastatic tumors of the hypo-
physis. As a rule, these necroses are superficial.
Infarcts, however, may also be due to tumor
emboli. Like tumors, inflammation, particularly
granulomatous processes, can also lead to
accompanying necrosis.

Surgery and massive irradiation, intensive
X-ray or proton irradiation, or implanta-
tion of radioactive yttrium or gold can cause
hypophyseal necroses and lead to extensive
scarring as a delayed sequela. Section of the
stalk results in extensive necrosis because the
portal vessels are a type of “end vessel”. How-
ever, about 10% of the parenchyma is still
retained since these areas are supplied by other
vessels.

Frequently only scars are detectable and
their cause can no longer be found. If the
scars are very extensive, then the “empty sella”
syndrome, a phenomenon seen quite often in
autopsy, results. Cystic scars are denominated
as cystic degeneration. Such cysts have no
epithelial layers, in contrast to proper cysts.
Interstitial. fibrosis generally does not lead to
hypopituitarism. The empty sella, however, may
also result from increased pressure of the
cerebrospinal fluid in the subarachnoidal space
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of the gland, flattening but not destroying the
pituitary. The empty sella syndrome may have
different pathogenic mechanisms. It has been
suggested that the incompetent diaphragma
sellae may be an anatomical variant or may
be caused by repeated swelling of the stalk in
multiparous women (BRISMAN, 1972). The sella
may be of normal size and shape, be balloon-
like, deformed, or enlarged. For clinical features
see p. 103f.

Inflammation can lead to extensive destruc-
tion of the hypophysis, and therefore cause
pituitary failure. Purulent inflammation usually
arises from inflammatory processes in the
surroundings. Abscesses of the anterior lobe
develop almost without exception, spreading
from sphenoidal sinusitis or possibly from a
necrotic chromophobe adenoma. Abscesses de-
veloping after septic infarction have been de-
scribed (SHEEHAN, 1965). Meningitis, osteomy-
elitis of the sphenoid bone and thrombo-
phlebitis of the cavernous sinus can all spread
to the hypophysis. Finally, inflammatory vas-
cular processes also lead to hypophyseal de-
struction. Diffuse, non-purulent, chronic inflam-
mation reminiscent of an autoimmune process,
are worth mentioning. Both Goubie (1962) and
HuMEe (1967) have seen hypophysitis of this
type in a female patient with Hashimoto’s
thyroiditis. EGLOFF (1969) has observed an
isolated lympho-plasmocytic hypophysitis in a
patient with panhypopituitarism.

In addition to these more diffuse processes,
granulomatous inflammations also have a pro-
nounced effect. The tuberculoid giant cell
granuloma is characteristic, usually involving
only the hypophysis. The cause of the inflamma-
tion is unknown. Pituitary insufficiency is a
late development since the granulomas can
destroy the anterior lobe to a great extent.
Women around the age of 55 are most often
affected. Occasionally, tuberculosis, syphilis,
sarcoidosis and certain mycoses also produce
granulomatous inflammations with parenchy-
matous destruction.

5. Symptoms and Clinical Course
a) History, Psychological Changes

Theillness, due to pituitary tumors and especially
to postpartum necrosis, usually develops slowly
over the course of years although on rare
occasions it may present itself within a few
weeks due to massive postpartum necrosis. The
first symptoms arise 3 weeks after total removal
of the hypophysis and generally become de-
finitely manifest after 5 weeks. As a rule, growth
hormone probably fails first, followed by the
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gonadotropins. Thy thyrotropic hormone then
fails, and the adrenocorticotropic hormone is
the last to disappear. There is minimal residual
thyroid function and a basal adrenocortical
secretion consisting entirely of aldosterone.
Complete failure of the hypophysis is there-
fore compatible with life, even though life is
severely impaired.

A change in menstruation is the first symptom
in the female. The bleeding becomes scanty,
short, and irregular, and finally fails to occur.
Irregular bleeding can, however, occur. Occa-
sionally menstruation starts again after cortisone
substitution. Climacteric symptoms are usually
absent but may occur (PURNELL, 1964). They
may arise after delivery in postpartum hypo-
physeal necrosis and then gradually disappear.
Failure of lactation and a hypoglycemic tendency
are considered early symptoms. Pubic hair,
shaved before delivery, does not return. Sensitiv-
ity to cold becomes apparent later, and the
patients are usually always cold and dress
warmly even in summer. Increasing tiredness
to the point of adynamia finally causes the
patients to become bedridden. Their speech is
slow, monotonous, and hesitant, and later
becomes slurred. Giddiness, tendency to faint,
obstinate constipation, oliguria, and somnolence
are further common symptoms. Typical symp-
toms are the hypoglycemic tendency and the
inability to remain without food for even a
short period of time. Impotency and loss of
libido occur in the male. In general, the patients
consult their physicians very late, since they
are indifferent to their illness. Temporary dia-
betes insipidus may occasionally occur and has
been described in about two dozen cases. Quite
often it is primarily due to an organic lesion
and later to a conditioned polydipsia (AGUILO,
1969), rather than to posterior pituitary necrosis
and lack of vasopressin (Evans, 1960).

Failure of the adenohypophysis leads to
severe psychological changes which may prog-
ress to psychoses. At the beginning, there is a
lack of initiative, lack of interest, generalized
retardation and apathetic depressive moods,
making up the endocrine psychosyndrome. All
motivation disappears completely in time. The
sexual and motor impulses are lost first. In-
difference develops into complete neglect of
the surroundings as well as of the person. The
patients decline intellectually, the amnestic
psychosyndrome develops and they finally lead a
no more than vegetative existence. States of the
actue exogenous reaction type may be associated
with the complete disappearance of psychological
functions. These may progress to predominantly
paranoid hallucinations, delirium, and finally
to coma, usually associated with acute adrenal
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insufficiency (BLEULER, 1964 ; KIND, 1958; LIND-
QVIST, 1966).

It is still not known whether substitution
therapy, which compensates the somatic failure,
can also reverse the psychological disorders
completely or only partly improve them.

b) General Examination

The face of the patient with pituitary insuffi-
ciency is expressionless, as during sleep. The
features are strangely blurred (Fig. 2). The
patients appear uninterested, lifeless, and tired.

b

Fig. 2a and b. Facial expression in panhypopituitarism.
a) 50-year-old female patient with SHEEHAN’S syndrome
(Prof. ScHUPBACH, Inselspital, Bern). b) 61-year-old male
patient with panhypopituitarism and diabetes insipidus,
unknown etiology (TB?)
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Fig. 3. 52-year-old female patient with Sheehan's syndrome.
Complete absence of pubic and axillary hair. Striking
pigment deficiency, especially in the areolas (Prof. SCHINZ,
Radiological Dept. of the University of Zurich)

The skin can, but need not, show a myxedematous
tendency. It is dry, but thin, delicate and
“alabaster-like”. The hair is dull, bristly, but
not prematurely gray. The eyebrows may be
absent or may be particularly scanty in the
lateral third.

The fallow pallor of the thin, marble-like,
translucent skin is striking (Fig. 3). Pigment
deficiency is most noticeable in the normally
strongly pigmented zones, such as the mamilla,
the perigenital and the perianal areas. The lack
of pigment is due to diminished melanin
formation resulting from the failure of the
hypophyseal melanocyte-stimulating hormone
(see p. 294ff.). Measurable darkening of the skin
can be achieved with MSH in patients with
hypophyseal insufficiency. The inability to form
melanin is demonstrated by the failure to turn
brown after ultraviolet radiation. The cutaneous
circulation is reduced; patients with hypo-
pituitarism never blush.

Sweating and sebaceous secretion are also
reduced or arrested.

The third characteristic is the loss of body
hair (Figs. 3, 4). Pubic and axillary hair are
totally absent in severe cases. The axillary hair
can disappear within 2 months, whereas the
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spontaneous loss of pubic hair takes 1-2 years.
In men, growth of the beard and the moustache
is scanty and there is no body hair. The diag-
nosis can be made with a high degree of certainty
from these three visible findings; the expression-
less face, neither young nor old; the striking
pallor; and baldness of the body. Calcifications
in the auricle, as in Addison’s disease, have
been observed (RANDALL, 1963).

The body weight is normal in 3/4 of the
cases. SHEEHAN has conclusively corrected the
long-established view, based on SIMMOND’S
first description, that pituitary failure leads to
cachexia (see Table 2).
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BMR, radioiodine test, the protein-bound
iodine and thyroxine determination can detect
the hypothyroidism. The TSH test differentiates
between primary and secondary hypothyroidism.
Reduced TSH-reserve is demonstrated by the
carbimazole test (see p. 242) or more recently,
by the TRH-test (see Chap. VI, p. 242).

See p. 325 for secondary adrenal insufficiency.
It can be differentiated from primary adrenal
insufficiency by the 3-day intravenous ACTH
test. Extremely low or absent urinary steroids
(0-1 mg 17-keto and 17-hydroxysteroids) are
suggestive of a secondary insufficiency. The
aldosterone excretion is normal or within the

Table 2. Weight in 103 cases of Simmond’s disease. (From SHEEHAN, 1948)

Fat Higher Normal Medium Thin Cachectic
than
normal
At time of death 9 1" 36 19 14 14
6 months before death 9 11 57 1 9 6

Emaciation may occur terminally although
there is sometimes a weight gain at the beginning
of the disease. Motor inactivity and reduced
basal metabolic rate with unchanged appetite are
probably the cause of this.

Subnormal temperatures may occur. The
fact that patients with Sheehan’s syndrome
often have a smaller sella (<80 mm? in the
lateral X-ray) than a control group (MEADOR,
1966) is worth investigating. Involutional proc-
esses and greater susceptibility of the smaller
hypophysis have been considered.

Circulatory organs: Bradycardia is less
pronounced than in myxedema. The hypotension
is less severe than in Addison’s disease. There
1s orthostatic hypotension. The heart is smaller
than in Addison’s disease. The small kidneys
and the small liver are due to the splanchnomicria.

Ovarian failure leads to atrophy of the
genital organs, and the vaginal smear shows
no signs of estrogenic activity. Bleeding, how-
ever, may sometimes occur.

In the male, there is a secondary hypo-
gonadotropic hypogonadism with tubular in-
sufficiency at first, followed by interstitial
failure (see p. 469f.).

c¢) Laboratory Investigation

The diagnosis of a suspected case of hypo-
pituitarism can be verified by demonstrating
secondary thyroid, adrenal, and gonadal in-
sufficiency and growth hormone deficiency.

See p.160 for secondary hypothyroidism
and its diagnosis (p. 241f)).

lower limits of normal. Aldosterone secretion
does not always rise sufficiently in response to
salt deficiency (Ross, 1960). Demonstration of
an increased or decreased gonadotropin ex-
cretion is a good way of distinguishing primary
from secondary hypogonadism (testes, p. 469f.;
ovaries, p. 585ff.). Estimation of gonadotropin
is of great diagnostic value especially in women
after the menopause.

Impaired diuresis in hypopituitarism is partly
due to the adrenal insufficiency. On the other
hand, failure of growth hormone also causes
a reduction in glomerular filtration and renal
plasma flow. The defect can only be partially
corrected by substitution with cortisone and
thyroxine (FALKHEDEN, 1963). A pronounced
hyponatremia of 110-120 mEq/l is not un-
commonly found in untreated cases of pituitary
insufficiency, especially in response to stress
such as surgery. Strangely, this hyponatremia
is well tolerated, and regresses with cortisone
alone. The pathogenesis is not completely clear
(BETHUNE, 1965; GASTINEAU, 1967). Renal so-
dium loss is not usually present, and the serum
urea, in contrast to the dehydration in ADDISON’S
disease, remains low. Excessive water retention
has been suspected to be due to inadequate
vasopressin secretion (AUBRY, 1965) since lack
of cortisone causes a fall in the osmotic stimulus
threshold. The fact that water deprivation does
not increase the sodium concentration and that
it is possible to correct the disorder with cor-
tisone alone makes the overproduction of
vasopressin appear unlikely. The extracellular
space is enlarged. Water overloading, which
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was previously recommended as a diagnostic
test, is dangerous, involving the risk of water
intoxication with brain edema and epileptic
fits. Unexplained hyponatremia should suggest
pituitary insufficiency and is more pronounced
in hypopituitarism due also to the failure of
growth hormone. The insulin tolerance test
best demonstrates the deficient counter-regula-
tion. The blood sugar falls rapidly to low values
and does not rise promptly or rises only inade-
quately. The typical rise in the level of growth
hormone is absent. This test, however, also in-
volves a certain amount of risk and should be
used cautiously. Glucose for intravenous injec-
tion must always be ready to terminate the test.
Blood findings: the erythrocyte sedimenta-
tion is normal. There is mild anemia, at first
hypochromic and later hyperchromic, due to
failure of the adrenal glucocorticoids and a pitui-
tary factor. The white blood cell smear shows
an increase in eosinophils and lymphocytes.
Achylia, which may prove to be refractory
to histamine, has sometimes been observed.

6. Differential Diagnosis

Panhypopituitarism must first be differenti-
ated from post partum endometrial amenorrhea,

a
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occuring very seldom. In the latter condition
there are no clinical signs of failure of the
thyroid and adrenals. Hormone estimations are
normal. The differentiation between pronounced
anorexia nervosa and hypopituitarism is not
difficult. The question of pituitary function in
anorexia often comes into consideration because
of the wrong dogma which has existed for years
that pituitary insufficiency leads to cachexia.
Anorexia does, however, always have some
features in common with pituitary insufficiency;
the basal metabolic rate is always reduced, and
there is amenorrhea in both conditions.

In anorexia, however, there is a hypo-
metabolism without hypothyroidism. Stero-
id excretion is diminished in anorexia, but never
to the same extent as in hypopituitarism. The
adrenals are not found to be atrophic, and the
adrenal insufficiency is only relative. The ame-
norrhea has the same cause in both conditions,
and the gonadotropins are usually not de-
monstrable in anorexia (see p. 591). In anorexia,
FSH production ceases under central nervous
system influences. Emaciation is suggestive of
anorexia, and makes hypopituitarism unlikely
(Fig. 4). In typical cases of anorexia the skin
is covered with lanugo hair. Pubic and axillary
hair may be scanty but is never completely

b c

Fig. 4a—c. Differential diagnosis of hypopituitarism. a) 26-year-old female patient with hypopituitarism, due to a chromo-
phobe adenoma. b) 35-year-old female patient with the sprue syndrome. Chloasma-like pigmentation of the forehead and
chin, axillary hair absent, pubic hair scanty. c) 19-year-old female with anorexia nervosa (KspZ)
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absent as it is in pituitary insufficiency. The
psychological changes in the two diseases are
very different. The anorexic patient is shy and
uncommunicative, but is not apathetic, and can
be very lively and enterprising. The physical
deterioration leads only terminally to apathy.
Differentiation can be difficult in the terminal
stages of both illnesses. The insulin tolerance
test with growth hormone determinations makes
differentiation possible. This test is, however,
not without risk. In anorexia, the blood sugar
will return to normal in response to hypo-
glycemia, whereas in hypopituitarism, the blood
sugar usually remains low until glucose is given.

The malabsorption syndrome may simulate
hypopituitarism. Scanty pubic and axillary hair,
adynamia, anemia and low ketosteroid excretion
are common to both conditions. However, the
waxy pallor of hypopituitarism is absent in
sprue (Fig. 4b), and in contrast, there is quite
often pigmentation of the skin.

Differentiation from primary myxedema can
be difficult when the secondary hypothyroidism
dominates the clinical picture. The TSH test,
the TRH test and the demonstration of the
failure of other endocrine systems establishe
the diagnosis.

Primary adrenal insufficiency is distinguish-
able mainly by the pigmentation. ‘“White”
Addisonians can be difficult to differentiate
from hypopituitarism since the basal metabolic
rate can also be reduced in Addison’s disease,
and gonadal dysfunction may also occur. The
ACTH-test repeated over 3 days can differentiate
the two diseases. Clinical distinction between
hypopituitarism and Schmidt's syndrome (pri-
mary hypothyroidism and adrenal cortical in-
sufficiency (see Chap. XVIII) can be difficult.
This syndrome is probably underlaid by auto-
immunological factors and often occurs with
diabetes mellitus. The presence of gonadotropin,
primary hypothyroidism in the TSH-test, pri-
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mary adrenal insufficiency indicated by the
ACTH-test, and serum antibodies to the thyroid
and adrenal tissues suggest Schmidt’s syndrome.

Hypoglycemic states can involve islet-cell
adenoma in the differential diagnosis. Evidence
of thyroid, gonadal, and adrenal insufficiency
proves the pituitary cause.

Finally, in the male, a differential diagnosis
between primary or secondary hypogonadism
and hypopituitarism has to be made. The
differentiation is based on the estimation of
the gonadotropins, the testicular biopsy and
the demonstration of hypothyroidism and
adrenal insufficiency.

7. Special Forms
a) Partial Hypopituitarism

The diagnosis of partial hypopituitarism has
been facilitated by the development of diagnostic
tests. It occurs more commonly than pan-
hypopituitarism in chromophobe adenomas and
after therapeutic hypophysectomy. The effects
are dependent upon the extent of the destruc-
tion and the duration of the illness. They can
also arise after failure of the hypothalamic
regulation centers. Partial generalized insuf-
ficiency can occur which is only detectable by
the different reserve tests, or there may be
a selective failure of every single adenotropic
hormone and of the growth hormone. Not
infrequently, partial hypopituitarism is present
at the beginning and may progress to panhypo-
pituitarism over the course of months or years.
Hypogonadotropic hypogonadism was consid-
ered to be the most frequent partial hypopitui-
tarism (see p. 469), isolated secondary hypo-
thyroidism to be less common (see p. 160),
and isolated secondary adrenal insufficiency
even rarer (see p. 325). The last condition may
also arise after successful removal of an adreno-

Table 3. Differential diagnosis between anorexia mentalis and hypopituitarism. (After ESCAMILLA)

Anorexia Hypopituitarism
Symptoms common to both diseases:
Secondary amenorrhea (FSH absent) + +
Asthenia + + +
Hypotension + + +
Hypometabolism (reduced BMR) + ++
Symptoms occurring in one disease only:
Loss of weight +++ 0
Pallor 0 ++ +
Loss of pubic and axillary hair + ++ +
Eosinophilia 0 + +
Average age 21 41
Onset After puberty After pregnancy
Insulin tolerance Normal Reduced
ACTH-test Normal Normal, only after repeating 3 times
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cortical adenoma. Recently, however, isolated
failure of growth hormone without clinical
symptoms appears to be the most common
adult endocrine disorder secondary to chromo-
phobe adenoma. This failure can only be
demonstrated by the radioimmunological meth-
ods for estimating growth hormone in combina-
tion with the insulin tolerance test (see p. 123)
(RABKIN, 1966). Selective failure can occur in
all combinations (DAYER, 1959). Among 69
chromophobe adenomas there were 10 cases
showing no failure, 16 cases with failure of all
3 adenotropic hormones, 22 cases of one isolated
failure, (17 hypogonadism, 3 hypothyroidism,
2 adrenal insufficiency) and 21 cases of secondary
failure of 2 glands (OBERDISSE, 1957). Secondary
hypogonadism and secondary adrenal insuffi-
ciency appear to occur more frequently together
than is attributable to chance and have been
collectively termed ‘‘basophil failure” (MAD-
DOCK, 1951).

Isolated failure of the growth hormone leads
to pituitary dwarfism. For discussion of selective
failure of TSH in pseudohypoparathyroidism
the reader is referred to Chap. XIV.

Selective secondary hypothyroidism may
cause pituitary impairment leading to adrenal
cortical insufficiency. Thus it may simulate
panhypopituitarism.

Hypopituitarism, due probably to a hypo-
physitis caused by autoimmunological factors,
can occur with other immunological disorders
in the organism (HUME, 1967) (see Chap. X VIII).

A strange form of partial hypopituitarism
with giantism and normal or increased growth
hormone effects has been described by GOLDMAN,
1963, and SARVER, 1964.

b) Pituitary Dwarfism
A. PRADER and M. ZACHMANN

Pituitary dwarfism is due to an inhibition of
growth associated with a deficiency of somato-
tropic hormones. It begins during infancy.
Since differentiation between a hypothalamic
disorder and pituitary insufficiency is impossible
in some patients, it would be more correct to
speak of “hypothalamo-pituitary” dwarfism.
Unfortunately, the term ‘“‘pituitary dwarfsm”
is often used rather uncritically for all cases of
small stature. It must be stressed that pituitary
dwarfism should only be diagnosed when growth
hormone deficiency is demonstrable. Patients
affected by this deficiency are uncommon in
comparison to the frequency of small stature.
Thyroid, adrenocorticotropic and gonado-
tropic functions are disturbed as well as growth
in classic cases. There are, however, patients
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with isolated growth hormone deficiency and
intact function of all other anterior pituitary
hormones. Such cases are probably not very
rare, but they can only be detected by refined
diagnostic methods. Apart from this, there are
also known forms of growth hormone deficiency
combined with TSH, ACTH or gonadotropin
deficiency. Thus, pituitary dwarfism is possible
throughout this spectrum, from isolated growth
hormone deficiency to the complete picture of
panhypopituitarism.

The following forms of pituitary dwarfism
can be differentiated on the basis of clinical
and etiological features:

1. Isolated growth hormone deficiency pres-
ents as dwarfism in the presence of intact func-
tion of all the other anterior pituitary hormones.
The clinical picture is hardly different from that
in other types of nonendocrine dwarfism (pri-
mordial constitutional dwarfism, Chap. XIX).
The differentiation from other forms is, however,
of importance because of the therapeutic pos-
sibilities in the case of a growth hormone de-
ficiency. There are idiopathic (sporadic) and
hereditary (recessive inheritance; RIMOIN, 1966)
forms of isolated growth hormone deficiency.
Since puberty, although delayed, arises spon-
taneously in these patients, they are also
described as “‘sexual ateliotics™ in older classi-
fications (GILFORD).

2. Growth hormone deficiency with multiple
anterior pituitary insufficiency can also occur
idiopathically or can be inherited. Boys are
affected by the idiopathic form more frequently
than girls. (This also applies to the form de-
scribed in 1., above.) This form of pituitary
dwarfism may be due to cerebral trauma during
birth or to asphyxia at birth in many cases. The
possibility of an organic disorder must be
considered particularly in cases with multiple
failure; an intra- or suprasellar tumor, usually
a craniopharyngioma, can cause this form of
pituitary dwarfism (Frohlich® dystrophia ad-
iposogenitalis in the original meaning of the
term). Other organic causes include malforma-
tions in the region of the pituitary or hypo-
thalamus and finally, traumatic damage (frac-
ture of the base of the skull with hypophyseal
hemorrhage or direct traumatic influence on the
pituitary). Patients suffering from multiple fail-
ure with gonadotropin deficiency were formerly
also referred to as “‘asexual ateliotics” (GILFORD).

3. A secondary, symptomatic growth hor-
mone deficiency occurs with severe general
disease and also occasionally with malnutrition.
Primary hypothyroidism can also lead to in-
hibition of growth hormone secretion, as can
corticosteroids, which would at least partly
explain the small stature in Cushing’s syndrome
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and following long-term corticosteroid therapy
with high doses. A temporary growth hormone
deficiency occasionally results in small stature
in children brought up in unfavorable social
conditions, particularly in children deprived of
maternal affection (POWELL, 1967, “‘emotional
deprivation”, Chap. XIX).

4. The possibility of a functional deficiency
of growth hormone in the presence of normal
secretion (peripheral resistance orinactive growth
hormone) has not been fully studied. Thus, for
example, peripheral resistance to growth hor-
mone is assumed to be the cause of the small
stature of pygmies, in whom normal growth
hormone concentrations were found in the
plasma during stimulation tests. Apart from
this, there also appear to be hereditary forms
of dwarfism where high levels of GH are found
(LARON, 1968) but where presumably a mediator,
the sulfation factor or somatomedin (see p. 88),
is deficient.

Growth in patients with pituitary dwarfism
is usually normal in the first two years of life
and then becomes progressively slower (Fig. 5).
On rare occasions, the growth deficit appears
in the first months of life. Body weight and
length are usually normal at birth. When
gonadotropins are absent, the pubertal growth
spurt and postpubertal termination of growth
fail to occur. The majority of patients with
multiple failure continue to grow throughout
life, although the increase after the 20th year is
only a few cm. The adult height of untreated
patients lies between 100 and 140 cm.

As a rule, there is mild obesity in spite of a
definite lack of appetite in all forms of pituitary
dwarfism. This is a reflection of the absence of the
lipolytic action of growth hormone. The obesity
involves the trunk in particular (Fig. 6). Body
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Fig. 6. Two girls with familial pituitary dwarfism (isolated
growth hormone deficiency) and a girl of normal height
of about the same age

Age Height Bone
age age
Healthy girl 14 14 —
Patient, center 139 3.7 8.3
Patient, right 13.4 4.1 10.5

proportions usually correspond to normal values,
except that the head is relatively large. Despite
the small stature, slightly eunuchoid proportions
develop after the 10th—15th year when gonado-
tropin is also deficient. Hands and feet are
often exceptionally small and doll-like (acro-
micria) and the face retains the round shape
and the soft, doll-like features of an infant.

Bone development is retarded. The degree of
retardation varies individually and is greater
in the presence of a TSH deficiency. As a rule,
bone development and increase in height are
retarded to roughly the same extent. Develop-
ment of the paranasal sinuses is also delayed.
The sella is occasionally enlarged in cases with
tumors. In other cases it is often smaller, but
no diagnostic importance can be attributed to
this finding.
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Necrosis of the head of the femur, which is
reminiscent of Perthes’s disease, is another
skeletal finding occasionally found in associa-
tion with a simultaneous TSH deficiency (see
p. 170). Development of the teeth is also de-
finitely retarded, though usually to a lesser
extent than the bone development.

The skin is tender, thin, and often rather
dry. The turgor is sometimes slightly reduced
and the extremities tend to be cool. During the
third decade or later, the skin of untreated
patients shows fine folds and wrinkles, especially
the face, giving the patients a senile appearance
in striking contrast to the infantile body stature.

Intelligence 1s commensurate with age, so
‘that in contrast to hypothyroid dwarfs, these
children can usually keep up quite well in school
as long as their physical strength is adequate
and hypoglycemic attacks do not arise. Psycho-
logical infantilism is often present, which is
especially pronounced in cases where puberty
fails to develop (see also gonadal dysgenesis,
Chap. XII). The sense of shame is often extreme,
as is the sensitivity of these patients to dispar-
aging and insulting remarks. This indicates
just how much patients suffer from their
appearance and from the fact that they are
taken to be younger than they actually are.

Except in cases with a suprasellar tumor,
few pathologic findings can be detected in
the nervous system. An uncharacteristic, slight
abnormality is occasionally found in the electro-
encephalogram. In cases where tumors are
present, endocrine symptoms may precede the
neurological ones, which are often not apparent
until school age or early adulthood since the
craniopharyngioma grows slowly. These symp-
toms can appear at any time in the case of other
tumors, which are, however, very uncommon.
Signs of a tumor are: headache, vomiting,
visual disturbances, loss of visual fields (mainly
bitemporal hemianopsia), papilledema, burst-
ing of cranial sutures and enlargement of the
sella. Since craniopharyngiomas usually become
calcified, a suprasellar calcium shadow on the
X-ray is particularly typical (Fig. 7).

Metabolic findings are best classified by the
individual anterior pituitary hormones. It must
be mentioned that, as in acquired pituitary in-
sufficiency in the adult, no parathyroid in-
sufficiency has been observed.

Growth hormone deficiency causes few direct
metabolic findings which can be recognized:
phosphorus and alkaline phosphatase in the
serum may be diminished and cholesterol may
be elevated. Nitrogen excretion in the urine
is often higher than in healthy subjects but can
only be assessed if the patients keep to a consist-
ent diet. Single estimations of growth hormone
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Fig. 7. Suprasellar calcification in craniopharyngioma

in the plasma are of little value since the concen-
tration is subject to extremely wide physiological
variations. Multiple estimations after stimula-
tion of growth hormone secretion are therefore
essential. Stimulation can be produced by in-
sulin hypoglycemia, intravenous administration
of arginine, a protein meal, or other stimuli.
In the healthy subject the growth hormone
concentration in the plasma then attains a
maximum 30-60 minutes after insulin, and
somewhat later with other methods of stimula-
tion. Absolute values vary according to the
laboratory. Fasting levels vary between 0 and
5 ng/ml plasma, and after maximum stimulation,
the levels are between 10 and 20 ng/ml or higher.
If the plasma concentration in a patient with
dwarfism increases significantly or fasting values
are very high a growth hormone deficiency can
be excluded with certainty. If there is no rise,
deficiency is possible but not yet confirmed. In
doubtful cases, a nitrogen retention test can
help. This test is based on the more pronounced
metabolic action of growth hormone in patients
with endogenous deficiency than in control
cases with intact pituitary function. The long
duration is a disadvantage associated with this
test; patients receive a consistent diet chosen
by themselves for 10 days. The first 5 days are
used as a control period for estimation of
the mean nitrogen excretion. Over the next
5 days, growth hormone is given intramuscularly
every day in a dose of 2 mg/m? body surface
area and the mean nitrogen excretion is calculated
from the 2nd to the 5th day of the treatment
period. The nitrogen retention as a percentage
of the mean nitrogen excretion during the
control period gives a good demarcation be-
tween patients with growth hormone deficiency
and those without (PRADER, 1968).
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Thyroid insufficiency is rarely manifest in
the presence of TSH deficiency. The patients
frequently give the impression of being alert
and active and show no signs of the typical
skin symptoms. Constipation may also be
absent. Not uncommonly, the skin is found to
be suspiciously dry and rough. Less frequently
there are changes reminiscent of Perthes’s
disease in the head of the femur. PBI and radio-
iodine investigations give low values. Uptake of
1317 becomes normalized after 3 days’ treatment
with TSH, or sometimes a week of treatment
is necessary. Blood pressure and basal metabolic
rate (to be interpreted with reservation in chil-
dren) are reduced, but are never as low as in
classic primary hypothyroidism. The Achilles’
tendon reflex time is prolonged. Serum choleste-
rol is increased, but this must not be interpreted
as a sign of TSH deficiency only, since it is also
elevated in isolated growth hormone deficiency.
This is also applicable to phosphorus and
alkaline phosphatase values, which are often
reduced. See p. 123f. for the relation between
growth and serum phosphorus.

ACTH deficiency seldom leads to manifest
impairment of adrenocortical function although
latent insufficiency can be demonstrated under
increased stress. This is indicated by the case
history in which there is occasionally a record
of tendency to collapse and to become exhausted
during great physical exertion and generalized
illnesses. Individual patients suffer from hypo-
glycemic attacks, especially during childhood,
as a result of the simultaneous failure of growth
hormone and ACTH. The fasting blood sugar
is slightly diminished or normal. More thorough
investigation of carbohydrate metabolism yields
findings similar to those in acquired pituitary
insufficiency in the adult (p. 96); the rise in
blood glucose after administration of insulin
is definitely delayed. It may, however, be ab-
solutely normal in single cases, even in the
absence of growth hormone and ACTH. On
the other hand, the rise in plasma cortisol
after insulin administration is always inadequate
in the presence of ACTH deficiency. If there
is a history of hypoglycemic states, the insulin
tolerance test must be carried out initially with
only half the conventional insulin dose (2 U/m?)
because of the danger of hypoglycemic shock
(Chap. XIII). In contrast to insulin, which causes
liberation of ACTH by higher centers, high
doses of the synthetic preparation, lysin-vaso-
pressin, probably act on the pituitary, causing
direct release of ACTH. A theoretical dif-
ferentiation can thus be made between a hypo-
thalamic and a pituitary lesion by comparing
the cortisol increase after insulin and that after
lysin-vasopressin. In fact, there is often no rise
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in plasma cortisol after insulin in cases with
suprasellar tumors, and a normal increase
after lysin-vasopressin. Experience with this
test is, however, still limited. Delayed water
excretion in the water tolerance test and the
return to normal after administration of syn-
thetic depot ACTH for 1-2 days are further
characteristics of an ACTH deficiency. Electro-
lyte concentrations in the serum are usually
normal, whereas the sodium is often slightly
elevated in the sweat and the sodium/potassium
quotient is raised. Excretion of 17-ketosteroids
and 17-hydroxycorticosteroids is unaltered in
the infant, but persists at the infantile level
in later life. See Chap. VII, p. 385ff. for other
examinations of the pituitary-adrenocortical sys-
tem. In summary, ACTH deficiency in pitui-
tary dwarfism leads to a latent adrenocortical
insufficiency which is usually less severe than
in Sheehan’s syndrom. Development of the
gonads and genitalia remains at an infantile
stage in pituitary dwarfism with simultaneous
gonadotropin deficiency. Secondary sexual char-
acteristics fail to develop. Excretion of testo-
sterone, 17-ketosteroids and gonadotropin cor-
respond to that in the healthy infant. In other
words, there is a severe hypogonadotropic
hypogonadism (p. 469). The complete absence
of sexual hair shows that not only gonadal
function, but also the production of androgenic
adrenocortical hormones is impaired (see ad-
renarche, Chap. XIX). Gonadotropin deficiency
can, however, only be unmistakably recognized
by clinical examination when the patients have
reached the bone age at which puberty normally
begins (boys approximately 13, girls approx-
imately 11 years, Chap. XIX). Since bone devel-
opment is generally significantly retarded in
growth hormone deficiency, puberty is also often
delayed in isolated growth hormone deficiency.

The diagnosis is easy in the adult. Practically
no other diagnosis need be considered in the
case of a dwarf with open epiphyses and no
secondary sexual characteristics. The situation
is much more difficult in the child, especially
in the case of an isolated growth hormone de-
ficiency; it 1s almost impossible to differentiate
pituitary dwarfism from the much more common
forms of dwarfism by clinical examination alone
(Chap. XIX). The insulin tolerance test, with
estimation of glucose, growth hormone and
cortisol in the plasma, is particularly valuable
in the assessment of this situation, since growth
hormone deficiency and ACTH deficiency can
be detected at the same time. Refer to Chap. XIX
for a discussion of the differential diagnosis of
dwarfism.

As far as duration of life is concerned, the
prognosis is good. If treatment is not started
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soon enough, the dwarfism, infantile appearance,
and limited physical energy, impose severe
restrictions on the patient’s way of life. The
physical capacity is usually astonishingly good,
especially if there is no ACTH deficiency. The
prognosis must be assessed with caution in
cases with tumors, since recurrences or neuro-
logical complications are possible with cranio-
pharyngiomas for example.

Apart from neurosurgical intervention when
tumors are present (p. 122), continuous sub-
stitution therapy is the only possible form of
treatment. The theoretically correct treatment
consists of administration of pituitary growth
hormone and the missing adenotropic hormones.
For the moment, however, this can be realized
only in some cases.

An impressive acceleration in growth rate
can be achieved with human growth hormone,
and normal adult height can be attained if
treatment is started early enough (Fig. 8).
Unfortunately, the hormone has not yet been
synthesized, so that it is available only as
extracts from human pituitary glands. Thera-
peutic possibilities are therefore limited to a
few centers, and the amounts available are not
sufficient to treat all patients with pituitary
dwarfism. Two injections of an active prepara-
tion in a dose of 5 mg/m? body surface or less
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Fig. 8. Action of human growth hormone in a girl with pituitary dwarfism (panhypopituitarism following surgical treatment
of a craniopharyngioma at the age of 10 years 11 months). Pigmentation of the mamilla at the age of 19 is due to the additional
treatment with estrogens

147/1
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per week are sufficient to produce an optimal
effect on growth (e.g. in the case of extracts
prepared according to RABEN, WILHELMI or
Roos, 1 mg contains about 1.5 USP units).
As a rule, a growth rate much faster than the
normal rate is observed during the early months
of treatment. Thus, not only is normal growth
restored, but ‘‘catch-up” growth also occurs.
Afterwards, the rate of growth slowly deceler-
ates and assumes a normal level appropriate
to the age (Fig. 9). Growth hormone promotes
bone maturation in addition to growth. In
contrast to anabolic steroids or testosterone, it
accelerates bone maturation to a lesser extent
than gain in height. Successful treatment also
results in the reduction of subcutaneous fatty
tissue. In spite of this, weight increases in the
same way as height, an indication that muscle
mass is increasing while adipose tissue is de-
creasing. Antibodies to growth hormone arise
in a certain percentage of treated patients. In
many cases they are unimportant, but they
can arrest growth, especially when high titers
can be demonstrated. Little is known about the
cause of the formation of antibodies. It is prob-
able that a certain denaturation of the growth
hormone during extraction has some effect,
since the frequency of the occurrence of anti-
bodies varies with the preparation in use. The

17, 191,
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Fig. 9. Action of human growth hormone on the growth
rate in a boy with pituitary dwarfism (idiopathic isolated
growth hormone deficiency). At first the rate of growth is
greater than normal (“‘catch-up” growth) and then it
becomes normal for the age

tendency to form antibodies, however, also
appears to have genetic reasons. Attempts at
promoting growth with anabolic steroids and
testosterone are only justified when human
growth hormone is unavailable. These prep-
arations often have a temporary favorable
effect. Since they frequently promote bone
maturation to a greater extent than growth,
they have a less favorable effect than human
growth hormone on the future adult height.
Their use in substitution therapy for gonado-
tropin deficiency will be discussed. The question
of using TSH for substitution in TSH deficiency
does not arise, since the preparations available
eventually become inactive. It is therefore
necessary to institute treatment with thyroid
extracts (preferably with Na-L thyroxine or
a mixed preparation of L-thyroxine and tri-
iodothyronine). The dose necessary varies widely
for individual patients. A small daily dose of
50-100 pg is usually given at first, and is adjusted
accordingto theserumcholesteroland thereflexo-
gram of the Achilles tendon. Growth hormone
can only be fully effective in a euthyroid state.

Substitution for ACTH deficiency is absolutely
essential when hypoglycemic episodes occur.
Regular intramuscular administration of syn-
thetic depot ACTH can be considered (e.g.
0.05 mg Synacthen Depot every 2-3 days). Oral
administration of hydrocortisone (e.g. 6.25 to
12.5 mg twice daily) or prednisone (1.25-2.5 mg
twice daily) is simpler. Since glucocorticoids
have a growth-inhibiting action, the dose should
be kept as low as possible (ACTH is perhaps
better in this respect). When correct indications
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and dosages are applied the physical state can
be successfully improved and hypoglycemic
attacks prevented without causing CUSHING’S
symptoms or impairing growth. Bearing in
mind the remarks above about treatment with
anabolic steroids and testosterone, substitution
with sexual steroids should be postponed as
long as possible in hypogonadism, until a body
height appropriate to the onset of puberty has
been achieved with growth hormone therapy.
In practice, however, commencement of the
treatment must be adjusted to the psycho-
logical state. Treatment with gonadotropin
would theoretically be preferable in these cases
too, since this is the only therapy which permits
maturation of the gonads. Such a treatment is,
however, complicated and expensive. It is
simpler to start with sexual steroids which
bring about secondary sexual characteristics
and when possible also a pubertal growth spurt.
Later, when growth ceases, administration of
human gonadotropins can be considered to
produce gonadal maturation and possibly fer-
tility. Refer to Chap. XII for gonadal dysgene-
sis, the selection and dosages of sexual steroids
and gonadotropin (p. 599ff.) the ovaries, and
(p. 475) the testes, and p. 475ff. for hypo-
gonadotropic hypogonadism. It is interesting to
note that the androgenic and growth-promoting
action of testosterone is often much reduced in
the presence of a simultaneous growth hormone
deficiency compared with that in other patients.

The recent determination of the amino-acid
sequences of some hypothalamic releasing hor-
mones and the possibility of preparing some of
these compounds synthetically opens new as-
pects with respect to the treatment of patients
with ‘“hypothalamic™ rather than ‘‘pituitary”
dwarfism.

So far, synthetic TRH and, to some extent,
LHRH are available for research. It is con-
ceivable that in the future it will be possible to
treat some ‘‘hypothalamic-pituitary” dwarfs
with the appropriate releasing hormones, nota-
bly with GHRH, rather than with human
growth hormone and the other hormones men-
tioned above. GHRH will probably be easier to
synthesize than human growth hormone, which
is a much larger molecule. In this way, a larger
number of patients could benefit from successful
treatment, while the limited quantities of human
growth hormone could be reserved for the
patients with true ‘“pituitary” dwarfism.

c) The “Empty Sella Syndrome” (KAUFMAN,
1968; CAPLAN, 1969; BRISMAN, 1972)

The pituitary function in this uncommon syn-
drome (see also p. 92) may be entirely normal
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or there may be a partial pituitary insufficiency,
usually not clinically manifest, affecting espe-
cially growth hormone and luteinizing hormone
in stimulation tests. The pituitary is flattened
and located in the lower posterior part of the
sella. The sella may vary from normal radio-
logical or anatomical appearance to globular,
balloon-shaped forms with thinning of the
posterior processus clinoidei. In about half the
cases the main symptom is recurrent rhinorrhea
and occasionally visual symptoms have been
observed, resulting from dislocation, stretching
or kinking of the optic nerves (OLsON, 1972).
The syndrome can be detected by pneumoen-
cephalography and is more common in females.

d) Hypopituitarism due to Hypothalamic
Disorders

o) Dystopia of the Posterior Pituitary

Undisturbed contact with the neurohypophysis
is essential for perfect development and function
of the adenohypophysis. This is seen in dystopia
of the posterior pituitary, a rare syndrome with
pituitary insufficiency and various malforma-
tions (PRIESEL, 1927). Three different forms of
dystopia of the posterior lobe of the pituitary
are possible when the migration of the posterior
lobe to the sella is prematurely arrested. In the
tuberal form, the posterior lobe lies at the
tuber cinereum, in the infundibular form, it is
in the hypophyseal stalk, and in the opercular
form it is on the anterior lobe. Opercular and
infundibular dystopia do not necessarily produce
symptoms. The adenohypophysis may remain
small in the tuberal form, and usually a partial
hypopituitarism develops, with stunted stature,
hypogonadism, partial adrenal insufficiency,
and various malformations, especially of the
urogenital tract and of the heart. Secretion or
regulation of STH, the gonadotropins, and to
some extent of ACTH is probably impaired.
Thyrotropin appears to be released normally.
A striking frontotemporal baldness affecting
women as well as men, cataracts and crea-
tinuria are suggestive of a relationship to
STEINERT’S myotonic dystrophia. The syndrome
can only be suspected on the basis of clinical
examination. Dystopia of the posterior lobe
is to be proved by necropsy.

B) Dysplasia of the Sella Turcica

In general, a small or normal sella turcica is of
no significance, whereas an abnormally flat
sella seems to indicate hypophyseal malformation
(LUNDBERG, 1966). Hypogonadism, dwarfism,
impaired ACTH regulation, cataract, and fronto-
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temporal baldness can occur in varying degrees
of severity and in different combinations.

v) Chronic Inflammatory Processes

such as sarcoidosis, tuberculosis, the Schiiller-
Christian disease, and further metastases can
lead to selective failure of the adenotropic
pituitary hormones and particularly to hypo-
gonadism (see p. 469f.). For hypopituitarism
combined with diabetes insipidus in hypo-
thalamic processes, the reader is referred to
p.93.

e) “Functional Hypopituitarism”

Different authors have assumed that the adeno-
hypophysis limits its function as regulator of
the metabolic processes in undernourishment
and starvation, resulting in functional hypo-
pituitarism. This assumption is only correct
in very special conditions. Hunger usually only
causes a failure of the gonadotropins, which is
a sensible economical move. On the other hand,
true hypofunction of the thyroid gland cannot
be demonstrated in starvation. Although the
basal metabolic rate is usually reduced, there
is only hypometabolism without hypothyroid-
ism. The capacity to take up iodine, the
serum thyroxine, and the histological findings
in the thyroid glands of starved subjects are not
indicative of hypofunction. The adrenals in
man are found to be normal or even hyper-
trophic. Although steroid excretion is reduced,
true adrenal insufficiency cannot be proven.
Finally, histological findings in the hypophysis
show displacement of the different cells types
[deviation to the left and eosinophilia (UEHLIN-
GER, 1948)], which suggest overexertion of the
organ rather than hypofunction.

Hunger leads to an illness which is different
from true hypopituitarism. Only the unfortunate
fact that cachexia was formerly equated with
hypopituitarism forced comparisons between
this condition and starvation. The impressive
term, ‘“hunger-induced pseudohypophysecto-
my”’ was coined on the basis of too few con-
vincing animal experiments and should be
avoided. Trials with hormone substitution are
unsuccessful in these cases, as they are in
anorexia nervosa.

8. Course and Prognosis

Since hypophyseal failure is compatible with
life, patients with hypopituitarism can live for
many years without substitution. It is true,
however, that their working capacity decreases
and they finally become invalids. The life
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expectancy is affected primarily by the devel-
opment of intercurrent diseases. Resistance to
all types of stress is reduced, since the hypo-
physio-adrenal system no longer functions.
Febrile illnesses, vomiting with diarrhea, and
minor operations may precipitate a crisis at
any time, and the patients may die in coma. The
patients become sleepy, fall into stupor and
later become comatose, with epileptic fits due
to hypoglycemia. In pituitary coma, they are
stiff and bent or completely flabby. The pulse
is hardly perceptible, there is bradycardia and
the heart sounds are very weak. The breathing
is slow, often only minimal. There is severe
hypothermia and the body temperature may
fall as low as 32°C. Then it can be measured
only rectally with special thermometers. The
nose and extremities are cold, the skin pale
and dry with no trace of prespiration. As in myx-
edema coma, hyperkapnia is the cause of
unconsciousness by way of inhibition of the
respiratory center and weakness of the respir-
atory muscles; thickening of the alveolo-capil-
lary membranes by myxedematous infiltration
may also be involved. Hypoglycemia due to
inadequate gluconeogenesis and absence of
lipolysis caused by growth hormone failure
also contribute to the coma. Finally, hypotonia
and shock play some part on the coma due to
lack of cortisone and therefore ineffective
noradrenaline. If the patients fall into coma,
the prognosis is unfavorable even now. The
therapy is the same as in myxedema coma (see
p. 162f.). Untreated patients live for an average
of 10-15 years. A few isolated cases have
survived for over 40 years. The substitution
therapy now available can replace the missing
hormones almost completely, so that life ex-
pectancy approaches that of healthy individuals
when this treatment is given.

9. Therapy

a) Substitution

Substitution with the deficient adenotropic hor-
mones, FSH, LH, TSH, and ACTH is unsuitable
for long-term treatment. TSH preparation cease
to be effective after long-term administration
due to the formation of antibodies. The daily
injections of depot-ACTH are tiresome, and
substitution of the hormones of the secondary
glands is preferable. Adrenal failure must be
corrected first of all. A daily oral dose of
12.5-25 mg cortisone acetate makes the pa-
tients feel better and more enterprising. The
apathy disappears, and the patients recover
their interest in life and become more active.
Cortisone restores their resistance. Intelligent
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patients should be taught to adjust their cor-
tisone requirements for themselves. The admin-
istration must be greatly increased, 4-8 fold,
in physical exertion or in illness. If oral admin-
istration is no longer possible due to nausea
the patient must consult his doctor at once to
obtain iv. or im. injections of cortisone
hemisuccinate or water-soluble prednisolone.
Substitution of the thyroid hormones is next
in importance and should always be started
only a few days after the introduction of corti-
sone therapy. A dose of 0.1-0.3 mg of Na-
I-thyroxine compensates the myxedematous
features, restores the patient’s working capacity,
and makes the cold feeling disappear. It is
advisable to start with a dose of 0.05 mg and
to reach the optimal dose over the course of
some weeks or months. In contrast to ADDISON’S
disease, it is not necessary to supplement the
cortisone with DCA or fluorocortisol, since
the adrenals are still capable of maintaining a
reduced aldosterone secretion. The crisis in
hypopituitarism must be treated basically in
the same way as the addisonian crisis (see p.
330f.). When hypothyroidism is pronounced, i.e.
when the temperature is subnormal, the con-
dition must be treated as in myxedema coma
(see p. 162f.). The same precautions and sub-
stitutions are applicable in minor and major
surgery as in the case of primary adrenal
insufficiency (see p. 122 for substitution therapy
during hypophyseal operations).

It must be determined individually for each
patient whether gonadal hormones.should be
given in addition to the thyroid and adrenal
substitution treatment. Spontaneous recurrence
of menstruation has been observed during corti-
sone and thyroxine treatment (ENGSTROM, 1961).
In general, one should avoid the cyclic use of
ovarian hormones. Restoration of menstruation
presents a stress to the patient, and should
only by considered for psychological reasons.
(E.g. 1 mg stilbestrol may be given for 25 days
per month.) Long-acting depot testosterone
may be given every 4 weeks to male patients.
This improves the well-being of the patient
and may restore libido and potency. The
administration of testosterone to the woman,
which may have the unpleasant side effects
of virilization, is only justified in special cases.
A trial with 2.5-5 mg fluoxymesterone is in-
dicated in cases with loss of libido. The physio-
logical significance of the adrenal androgens on
the psyche shows individual variation. There
are experienced authors who advocate testo-
sterone therapy in women with hypopituitarism.
Since HMG (see p. 600f.), a human gonado-
tropin with a FSH-effect, has become available,
it has become possible to maintain gonadal
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function in the woman as well as in the man
with HMG and HCG, despite complete hypo-
physeal failure. Pregnancy and normospermia
are thus possible. This treatment is costly in
time and material for both doctor and patient,
and is only rarely possible. Whether the thera-
peutic use of effective growth hormone, once
it becomes available, will eventually be justified
in adult hypopituitarism is questionable. The
patient substituted with cortisone, thyroxine,
and sex hormones is physically and psycho-
logically fully efficient.

b) Restitution of the Atrophy

In postpartum necrosis, there is only one way
of causing the remaining anterior pituitary lobe
of the hypophysis to hypertrophy, and it is
rarely possible; this is pregnancy. If the patient
succeeds in conceiving again (SCHNEEBERG, 1960;
MARTIN, 1970) the remainder of the hypophysis
shows signs of a physiological hypertrophy
which does not regress after the pregnancy. A
new pregnancy does not always have this effect,
however, and in isolated cases where the disease
has not been of long standing, it is difficult to
demonstrate that success is due to the pregnancy.

F. Hyperfunction of the Adenohypophysis

1. Classification

Hyperfunction of the pituitary-adrenocortical
system is described on p. 332ff. Only prolactin
and STH have been shown to produce an illness
due to the overproduction of pituitary hor-
mones. See Chap. XIX for the premature, but not
excessive, gonadotropin production in pubertas
praecox.

For information on reactive pituitary ade-
nomas in hypothyroidism see p. 154, and for a
discussion on pituitary adenomas following
adrenalectomy in Cushing’s syndrome see p.
356.

The overproduction of growth hormone
leads to pituitary gigantism if the epiphyseal
cartilages are still open, and to acromegaly if
the epiphyseal cartilages have fused.

2. Syndrome of Galactorrhea and Amenorrhea
with Low Gonadotropin Excretion
(AHUMADA-ARGONZ-DEL CASTILLO; FORBES,
HENNEMAN, GRISWOLD and ALBRIGHT)

The syndrome of persistent galactorrhea and
amenorrhea, in the absence of pregnancy and
acromegaly, is due to overproduction of pro-
lactin. A pituitary tumor is detected in about
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50% of cases. Prolactin overproduction has
been shown to occur in an extirpated tumor
(FrRIESEN, 1972), and recently, greatly elevated
serum prolactin levels have been shown in
nearly all patients with this syndrome and
other types of galactorrhea. The adenoma, which
was classified primarily as chromophobe, con-
tains cells which can possibly be stained spec-
ifically. Either it produces too much prolactin,
or regulation by the prolactin-inhibiting hypo-
thalamic factor (PIF) is impaired. See p. 30
for persistent lactation with amenorrhea and
decreased gonadotropin excretion after preg-
nancy (Chiari-Frommel syndrome). See p. 592
for glactorrhea induced by neural or pharma-
cological factors. Of FORBES’ 15 patients, 9 had
never been pregnant, 8 showed symptoms of a
pituitary tumor, and the biopsies revealed a
chromophobe adenoma in 3 cases. The symptoms
arose between the 20th and 30th years in all the
patients. Obesity, hirsutism and seborrhea are
almost always present. The levels of 17-keto-
steroids are usually slightly elevated ; the gonado-
tropin excretion is reduced or absent, whereas it
is normal during amenorrhea caused by lac-
tation. There are signs of estrogen deficiency.
In contrast to acromegaly, the serum phos-
phorus is always normal. No elevation of
prolactin serum levels results from arginin
infusion or hypoglycemia. A few cases of
galactorrhea have been found associated with
a craniopharyngioma. In others there have
been tumors interrupting the continuity to the
hypothalamus (GUINET, 1961). See Chap. XIX
for galactorrhea and pubertas praecox in hypo-
thyroidism in childhood.

Galactorrhea can occur during treatment
with chlorpromazine, imipramine, reserpine,
and ovulatory inhibitors or after pituitary stalk
section which is explained by the lack of PIF.

L-Dopa stimulates growth hormone secre-
tion but inhibits that of prolactin. Patients
with the Forbes-Albright syndrome and other
conditions causing galactorrhea have been
treated with L-Dopa which has normalized
prolactin and gonadotropin levels (TURKINGTON,
1972; BESSER, 1972) but had inconsistent effects
on galactorrhea.

Galactorrhea and hyperprolactinemia are
usually accompanied by low or absent gonado-
tropins, amenorrhea in women and impotence
in men. There seems to be a reciprocal mech-
anism controlling the secretion of prolactin
and gonadotropins.

The ergot alkaloid 2-Br-a-ergocryptine is a
potent inhibitor of prolactin (FLUCKIGER, 1968)
in normal women as well as in patients with
the Forbes-Albright syndrome (DEgL Pozo,
1973; BEsser, 1972). It acts directly on the
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pituitary and not via the hypothalamus (FLUCKI-
GER, 1972).

Patients with galactorrhea, high prolactin
and low gonadotropin levels, and amenorrhea
or impotency were normalized by treatment
with 3 to 10 mg brom-ergocryptine p.o. dailv.
The prolactin and gonadotropin levels nor-
malized after one month, and galactorrhea
disappeared and menstruation wasrestored in the
second month. After six months of treatment
one patient with the syndrome became pregnant
(BESSER, 1972; DEL Pozzo, 1973).

Potency was reestablished in one of two
men with chromophobe adenoma and hyper-
prolactinemia (BESSER, 1972).

3. Pituitary Gigantism
A. PRADER and M. ZACHMANN

During growth, an acidophil pituitary adenoma
does not give rise to acromegaly but rather to
gigantism (Fig. 10). In addition to the gigantism,
acromegalic features may arise during the
course of puberty, and combinations of gigantism
with the complete picture of acromegaly in
adulthood are possible even in young patients.

This is an extremely rare disease and pos-
sibly occurs more frequently in the male. A
pathological acceleration of growth usually
arises shortly before or around the onset of
puberty. Nevertheless, patients have been de-
scribed whose symptoms started long before
puberty. The youngest patient in whom accel-
erated growth has been reported was five
months old (the Alton giant described by
BEHRENS and BARR in 1932).

If left untreated the illness results in symp-
toms of a deficiency of all adenotropic hor-
mones in addition to the excessive growth hor-
mone production, and usually leads to death in
the second or third decade or even earlier. The
initial isolated growth acceleration is charac-
teristic. Bone development is not accelerated
or only slightly, so that growth may not only
be accelerated but also continue for an ab-
normally long time. Puberty usually follows a
normal course at first but may be subject to
disorders during the later course due to dis-
placement of the gonadotropin-producing cells.
Hypogonadotropic hypogonadism (see p. 469f.)
and eunochoid proportions may result from
this. Symptoms of over-production of growth
hormone can be replaced by those of progressive
insufficiency of all adenotropic hormones over
the course of years.

Thelaboratory findings correspond in general
to those in acromegaly in adulthood: serum
inorganic phosphorus may be elevated to values
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over 5-6 mg%. Growth hormone concentration
in the plasma has only been investigated by
radioimmunological methods, in a few cases,
and fasting levels of 100-300 ng/ml were found,
about one hundred times higher than normal.
It was not possible to produce further stimula-
tion of growth hormone secretion by intra-
venous injection of insulin. Nor is the plasma
concentration reduced by a glucose tolerance
test (oral or intravenous). Furthermore, both
oral or intravenous glucose tolerance tests
and administration of tolbutamide lead to a
marked rise in plasma insulin concentration,
as in the healthy subject. The blood sugar
curve is often pathologic following the glucose
tolerance test, being similar to that obtained in
frank or chemical diabetes. In contrast to
acromegaly in the adult, however, a frank
diabetes mellitus is rarely present.

Primordial or constitutional gigantism and
cerebral gigantism (SoTos) are the most impor-
tant conditions for the differential diagnosis (see
Chap. XIX). General signs of elevated intracra-
nial pressure, direct pressure effects of the tumor.

Fig. 10. 24-year-old giant with acromegaly, 210 cm in
height and weighing 145 kg, with eosinophilic pituitary
adenoma, and increased growth since the 16th year, next
to a man 170 cm tall
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such as enlargement and extension of the sella
(which often arise late), impaired vision, and
bitemporal hemianopia are important for the
diagnosis. These valuable diagnostic indications
may, however, be absent since the tumors are
often very small. Diagnosis is then only possible
on the basis of the greatly raised growth hor-
mone concentration in the plasma and the blood
sugar and insulin estimated during a glucose
tolerance test. All these tests yield normal
results in other forms of gigantism.

Surgical removal of the tumor or radiation of
the hypophysis (externally or by implantation
of e.g. yttrium) are possible methods of causal
therapy. The therapeutic result, however, is
generally disappointing. It is known that in
acromegaly in adulthood, high concentrations
of growth hormone in the plasma may persist
even after surgical removal of the hypophysis.
This has also been observed in a patient with
pituitary gigantism. The prognosis must there-
fore be subject to caution even if the tumor
appears to have been completely removed.
Substitution therapy for the resulting secondary
adrenocortical insufficiency and hypothyroid-
ism is often necessary after radical surgery.

4. Acromegaly

a) Occurrence and Incidence

Acromegaly, like all other endocrine diseases
except diabetes mellitus and thyroid dysfunction,
is a relatively uncommon disease. Statistics from
large hospitals show one case of acromegaly in
2000 to 15000 admissions. A total of 36193
patients seen at the Medical Clinic in Zurich
in 10 years included 45 cases of acromegaly.
About 209 of patients with pituitary tumors
develop acromegaly. The disease affects all
races and is most common in the 3rd and 4th
decades of life, though it may occur at any age.

The disease usually begins soon after puberty
and the sexes are equally affected. It has been
claimed that 25 cases of this disease have been
observed in children under 15 years, but the
condition may be confused with constitutional
abnormalities. The few reports of familial
occurrence may be due to confusion with the
constitutional acromegaloid (see p. 114). Re-
peated reports of the occurrence of acromegaly
in only one of homozygous twins make a
hereditary factor appear unlikely.

b) Etiology and Pathogenesis

Acromegaly is due to overproduction of growth
hormone which can be measured radioimmuno-
logically. The reason for it is almost always a
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tumor-like growth of the eosinophil cells which
produce STH. It is not known for certain whether
certain cases of acromegaly can arise from a
disorder of the hypothalamic regulation by
way of the adenohypophysis, possibly due to
tumor formation after acidophilic hypertrophy
and hyperplasia caused by chronic overstimula-
tion.

Two types of acromegaly can be differentiated
according to the plasma growth hormone. In
one type, the overproduction is uninfluenced
by metabolic stimuli (see p. 89f.). In the other
type, which is much more frequent, the growth
hormone level can be made to fall with glucose
and be elevated by hypoglycemia, or there may
even be a paradoxical rise in growth hormone
after a glucose load (LAURENCE, 1970). It is
not known whether a different pathogenesis is
involved in the latter condition of whether the
autonomy is due to lesions of the hypophyseal
stalk (GLICK, 1965). These considerations may
have some therapeutic implications. There is
no clinical differentiation. As a rule, there
is some correlation between the size of the
sella and the overproduction of growth hormone,
but large sellas may be found in the presence
of low growth hormone concentrations, and
normal-sized sellas may be present in active
acromegaly. In the female the disease appears
to be most common in the 2nd and 5th decades
(SOENKSEN, 1967). The overproduction of growth
hormone leads to an increased growth of the
skeleton and connective tissues, the musculature,
the internal organs, the blood vessels, and the
skin. As long as the epiphyseal cartilages are
still open the accelerated growth results in
gigantism. Acromegaly results after fusion of
the epiphyses. Destruction of the remaining
cells of the adenohypophysis may result in
failure of individual or of all adenotropic
hormones, giving rise to the combined picture
of acromegaly and hypopituitarism. In a few
cases, increased prolactin has also been demon-
strated as well as increased growth hormone.
The symptom of galactorrhea is probably
attributable to the former.

Among the numerous attempts to explain
the pathogenesis of acromegaly, KEETH’S atavistic
hypothesis (ATKINSON), is of speculative interest.
It states that acromegaly is a regression into the
phylogenetic stages of Neanderthal man or the
anthropoids. The development of the extremities,
the prognathia and the excessive pneumatization
of the sinus are in fact characteristic of these
men and animals. Louis BoLk’s hypothesis
of fetalisation considers acromegaly as a regres-
sion into a phylogenetically older phase, due to
the absence of inhibitory effects which in-
crease with advancing civilization.
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¢) Pathologic Anatomy
o) Pituitary

Most frequently, acromegaly or gigantism is
due to an acidophil tumor of the pituitary. It
may include other cells with adenotropic activ-
ities. Not infrequently, there may also be a
chromophobe adenoma. In the adenomas, how-
ever, growth hormone granulas may still be
revealed by electron microscopy. The tumor is
not necessarily in the anterior hypophysis, but
may be in the region of the pharyngeal roof or
the sinus sphenoidalis. Sometimes, there is
only hyperplasia of the acidophils with no
proper tumor formation but with clear-cut
enlargement of the hypophysis. Occasionally,
the disorder responsible for the uncontrolled
STH production has to be sought in an extra-
cranial region (bronchial carcinoma with ectopic
hormone production, see Chap. XVI). Acido-
phil adenomas may reach a considerable size
and can destroy the adjacent bony structures,
such as the sphenoid and base of the skull.
Genuine carcinoma with metastases has only
exceptionally been observed. The remaining
hypophyseal tissue is compressed and destroyed;
the tumor tissue itself is also often affected
by necrosis and bleeding. The tumor cells can
be very irregular and their nuclei are often of
different size. The differentiations and generative
polymorphia may thus be pronounced, so that
even “‘hypophyseal sarcomas’ are mentioned in
earlier literature.

B) Other Endocrine Glands

Hyperplastic processes often occur if the pitu-
itary tissue is not destroyed by the tumor.
In about 50% of cases the thyroid gland is
enlarged and a diffuse or nodular goiter may
develop. The cause may be the growth hormone
effect, the increase in TBPA (see Chap. VI,
p. 143) or a low inorganic iodine level due to
an increase in iodine clearance (MUKHTAR,
1971). The parathyroids may also be enlarged
and demonstrate true adenomas. The hyper-
plasia is possibly due to the elevated serum
phosphate level. The adrenal cortex is usually
hyperplastic and sometimes contains cortical
nodules. The medulla, on the other hand, is
not thought to be involved in this enlarging
process. Exocrine tissue and pancreatic islands,
generally the B-cells, are very active and de-
granulated. Infiltration by glycogen can also
be observed in untreated cases. In the gonads,
regressive changes usually predominate, Never-
theless, a few tumors have also been found.
Acidophil pituitary adenomas may be combined
with other different endocrine tumors; they are
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often found in the true, hereditary endocrine
adenomatosis of the WERMER type (see Chap.
XVIII).

+) Other Organs

The other internal organs also increase in size.
Splanchnomegaly results. Involvement of the
heart may be excessive, giving rise to myocardial
fibrosis. The skeleton is particularly affected.
After skeletal maturation is complete, the
growth impulse affects mainly the remaining
cartilagenous areas and the extremities. The
cartilage of the ribs, the marginal border of the
vertebral and invertebral discs, and of the
joints proliferate. In addition, they show a
pronounced tendency to ossify, and even the
auricular cartilage shows this feature. The
damage to the articular cartilage leads to
deforming arthrosis. Hyperostosis and increased
bone formation, and to a lesser extent increased
bone resorption with osteosclerosis, develop in
the skeleton.

These lead to an increased bone width,
normal or increased cortical bone but decreased
trabecular bone (RIGGS, 1972).

Tendon and muscle insertions are frequently
thickened.

d) Clinical Picture and Symptoms

o) History and Psychic Changes

The patient consults his doctor only rarely
because of the change in appearance. The
acromegalic changes develop so slowly over
the course of years that the patient himself
hardly notices them, whereas his acquaintances
sometimes do. The statement from an adult
patient that he suddenly has to buy larger shoes
(when flat feet can be excluded) and larger
gloves is of great diagnostic value. Persistent
headaches are a common symptom and are
seldom absent. It is independent of cerebral
compression, and the genesis is unknown.
Visual disturbances often cause the acromegalic
patients to consult the doctor (see p. 112).

Tiredness and muscular weakness only de-
velop after long duration of the illness. They
can be the most prevalent complaints. Amenor-
rhea in the female and loss of libido and potency
in the male are almost always present. Preg-
nancy is, however, possible. Onset of the
disease in connection with a pregnancy is not
uncommon. Diabetes mellitus (see p. 113f)
occurs in one fifth of acromegalic cases.

The skeletal changes may cause backache.
Paresthesia in the form of formication or
numbness in the upper extremities are often
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present. Their pathogenesis is unexplained.
They are not due to hyperostoses in the region
of intervertebral foramina. Vasomotor rhinitis
is common, often with a secretion tinged with
blood. Bulimia, polydipsia, and polyuria are not
sufficiently severe to cause the patient to
consult the physician.

Galactorrhea due to overproduction of pro-
lactin and STH is uncommon in female patients
and extremely rare in male acromegalic patients.

Acromegaly usually leads to profound psy-
chological changes which make up a form
of the endocrine psychosyndrome but with
a special variation. Contrary to widespread
opinion, these changes are not psychoses. There
is no relation to schizophrenia, manic depressive
psychosis, or epilepsy. The incidence of these
psychoses is not higher in the relatives of acro-
megalic patients than in the normal population
(BLICKENSTORFER, 1951). Nor is there any
genetic connection between acromegaly and the
constitutional anomaly of acromegaloidism (p.
114), in which psychopathy often occurs. The
acromegalic character changes are not due to
the physical disfiguration alone, and cannot
be fully explained by the cerebral compression
either. Character changes typical to acromegaly
can occur in patients who pay little attention
to their disfiguration and do not suffer from
it. On the other hand, these changes have been
noticed in patients in whom there is no cerebral
compression. The psychopathy in acromegaly
consists in character changes and episodic chan-
ges in mood in association with changes in the
sphere of drive. The character changes present
as apathy, loss of initiative, lack of motivation,
and egocentricity. The patient becomes with-
drawn, secluded and odd. Passive cheerfulness
can be present one moment, and melancholic
resignation and animosity the next. Their affec-
tivity towards the outer world fades, and using
the simile of the BLEULER school (KELLER, 1949),
“they sound like an orchestra behind a thick
curtain”. The patients find their inability to
communicate subjectively painful and are often
depressed at the beginning of the illness. During
the course of the illness, they become resigned
to their destiny, and ultimately euphoria may
often develop. Indifference, fear, and distrust
are expressions of long episodes of depression.
They are interrupted by bursts of mood changes
such as irritability, anger, and restlessness.
Sexuality and libido are usually reduced in
both sexes, and potency is reduced in the man.
The initial increase which is often mentioned
is not quite certain. The disappearance of the
sexuality is explained by the gonadal failure.

Increases in hunger and thirst can be ex-
plained by the metabolic disorders (see p. 113).
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Contrary to widespread opinion, the intellect
is hardly impaired in acromegaly. The brady-
phrenia may simulate oligophrenia. These psy-
chological changes are due to growth hormone
itself or to metabolic disturbances induced by
it. The character changes, once developed,
usually remain uninfluenced or admit of only
slight improvement. Acromegalic patients often
need psychotherapy. The rare patients in whom
acromegaly is accompanied by persistent lacta-
tion may develop a pronounced maternal in-
stinct in addition to the psychological changes
described above (BLEULER, 1964).

B) General Examination

Severe acromegalic disfiguration of a face is so
obvious that the diagnosis can be made at
first glance (Figs. 11-12). The coarse features
give a threatening and sinister appearance,
even, when some apathetic placidity is present
(Fig. 12). The figures of Punch and Polichinelle-
Pulcinella show acromegalic features. The lower
jaw is greatly enlarged and the chin protrudes.
Prognathism with widely separated teeth de-
velops. The lower incisors come to lie in front
of the upper (supraclusion). The large nose is
thickened and puffy, and the supra-orbital
projections and the zygomatic arches protrude
a long way forward. The ears are fleshy and
large, and excess skin lies in broad folds on the
forehead. The tongue is also involved in the
general tissue growth and is deformed and large.
It looks like a piece of raw meat and leads to
thick speech. The lips, particularly the lower,
are large and pendulous.

Fig. 11. 38-year-old female patient with acromegaly. In-
cipient facial changes. Eosinophil pituitary adenoma verified
at operation (Prof. KRAYENBUHL, Neurosurgical Clinic,
Zurich)
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Fig. 12. 35-year-old female patient with acromegaly. Ad-
vanced facial changes (Prof. KRAYENBUHL, Neurosurgical
Clinic, Zurich)

A soft tissue type in which the facial changes
are predominantly due to growth of the cutis
and subcutis must be differentiated from a
bony type. Usually both elements contribute
to the acromegalic changes. PIERRE MARIE spoke

of the type “en carré” or the type “en long”

Fig. 13. 29-year-old male patient with acromegaly (Prof.
KRAYENBUHL, Neurosurgical Clinic, Zurich)
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depending on the transverse or longitudinal
expansion of the face.

After the changes in the face, those in the
hands and feet are most striking. The soft
tissues are more involved than the skeletal
structures. The fingers are sausage-shaped and
the hand looks like an animal’s paw (Fig. 13).

The kyphotic thoracic vertebral column
causes the acromegalic patient to hold his
head bent forwards. The barrel-shaped, deep
thorax may protrude towards the sternum
forming a pigeon chest.

The average height of acromegalic patients
exceeds that of the comparable population,
probably because the disease usually begins
before epiphyseal fusion occurs.

Hyperfunction of the cutaneous appendage
organs leads to hyperhidrosis and to seborrhea.
Increased pigmentation is found in about half
the cases. Sometimes pronounced hirsutism is
seen in women due to direct stimulation of the
hair follicles by growth hormone. See p. 113
for urinary steroids.

v) Changes in the Organs

Skeleton: The acromegalic changes in the
skeleton are most striking.

The cranial deformity can be recognized
externally. All the cranial measurements are
increased, including the intracranial capacity.
The patients often notice that their hats be-
come too small. The external occipital pro-
tuberance and the supraorbital pads are pro-
truding. The cranial sutures are closed. There
is almost always diffuse hyperostosis. Localized
hyperostosis is less common and is associated
with a thickening of the os parietale (LANG,
1961). The frontal sinuses are strikingly large
and often extend sidewards. The sella is usually
widened with a surface area of 120-230 mm? on
the X-ray plate. The normal sella, in contrast,
is 9-12 mm deep and 12-15 mm long, and has
a surface area of 50-120 mm?. A normal-sized
sella can, however, be found in acromegaly.
In 6% of cases, it is absolutely intact. It is
distended at first, and then if the pituitary
grows further suprasellarly, the dorsum of the
sella is raised. The anterior and posterior
clinoid processes atrophy. There is no connection
between the size of the sella and the growth
hormone production. See MUNDINGER (1967)
for the methods of estimating the size of the
sella. The tumors mainly extend towards the
sphenoidal sinus and erode the clivus. The
dorsum of the sella becomes elongated and also
atrophic. The entrance to the sella is often only
insignificantly widened, in contrast to the X-ray
findings in chromophobe pituitary adenomas.
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A distinction between the so-called Troell-
Junet syndrome and the more usual form of
acromegaly is only justified when osteoclasia
of the compact bone and osteolysis of the
spongiosa are histologically demonstrable as
well as the diffuse hyperostosis of the roof
of the cranium. Clinical differentiation between
this syndrome and acromegaly is not easy. In
addition to the acromegalic changes, toxic
goiter, diffuse hyperostosis of the roof of the
cranium, and diabetes mellitus have also been
mentioned.

Growth hormone promotes endochondral
and periostal bone growth. The endochondral
growth, where still present, is elevated. Inactive
foci are reactivated. Therefore, the cartilages
of the ribs grow most, causing the ventral
expansion of the thorax. The activity of the
acromegaly can be assessed from biopsies of
the bony-cartilaginous junctions of the ribs.
An acromegalic rosary may be formed. The
periosteal bone growth produces exostoses,
which are most pronounced at the insertions
of the ligaments and tendons. In general, the
osseous transformation is increased. This can
also be shown by means of 4’Ca (BELL, 1967).
Anabolism usually exceeds the catabolic process.
Pneumatization of the frontal and maxillary
sinuses and of the mastoid processes increases.
There is marked internal bony resorption,
whereas externally, appositional bone growth
is in progress. This increased transformation
produces changes in the bone structure so
that osteosclerosis as well as osteoporosis can
occur. The osteolytic process can be so pro-
nounced at individual points that cysts are
formed, e.g. in the epicondyls. Most of the
hyperostoses, those on the lower jaw, at the
end phalanges, at the epiphyses, and on the
metatarsals, are periostal in origin. However,
hypostosis may also occur, so that the meta-
carpals may either be thickened or become
thinner in the cortex. Growth of the cartilage
produces irregular protuberances in the region
of the joints, which may give rise to a picture
similar to that in arthrosis deformans. The
changes in the vertrebral bodies are of a dif-
ferent type and are most pronounced in the
lower thoracic vertrebrae. New osseous tissue
is deposited around the vertebral body like a
collar, predominantly ventrally, due partly to
reactivation of the cartilaginous border ridges,
and partly to periostal growth. The intervertebral
discs also grow from the perichondrium. Prim-
itive cartilage is thereby converted into hyaline
cartilage. At the same time changes occur in the
intervertebral discs, calcification and ossification
may arise. Kyphosis of the thoracic vertebral
column with compensatory lordosis of the
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lumbar vertebrae develops. The cartilage tends
to become ossified. The rib cartilages can be
completely ossified as well as the auricles. The
Jjoints also become involved in this cartilaginous
change and arthrosis deformans often occurs.
Arthrosis in the knee joints may be the patient’s
main symptom.

The patho-anatomical skeletal changes can
be summarized as follows:

1. Increased cartilaginous proliferation. Re-
vival of cartilaginous growth when body growth
is complete. This growth impulse is most
noticeable in the ribs and articular cartilages.
Carpals and tarsals can merge together.

2. Periostosis with thickening of the liga-
mentous and tendinous insertions.

3. Osteoporosis and osteosclerosis, occasion-
ally in association with true osteolytic processes
and cystic formations.

4. Hyperostoses with expansion of individual
skeletal areas, especially of the extremities.

5. Hypostosis with rarefaction of individual
bones.

6. Articular changes in the form of cartilagi-
nous defects in the region of hypertrophic
cartilage, resulting in arthrosis deformans.

Splanchnomegaly. The internal organs are
also involved in the generalized growth. The
size of the heart and liver are particularly
striking, The gastrointestinal tract is longer and
its volume is increased. Megacolon may arise.
The larynx also grows. The voice is therefore
deep and rough. In addition, it has a nasal
tone due to the proliferation of the soft tissues
in the nose. The vessels are wide and their
walls thickened; varicosis is frequent. The
lymphatic tissue and thymus are hyperplastic
in over 50% of cases. Nodular or diffuse euthy-
roid goiters of medium size are found in one
third of cases. The incidence of larger goiters
is no higher than in the normal population.

Circulatory system. In one third of cases, there
is hypertension of uncertain pathogenesis with
diastolic values of over 100 mm Hg. Cardiac
enlargement is not always a feature of the
splanchnomegaly, since both degenerative car-
diac diseases and infarcts appear to occur more
frequently, and the enlargement only indicates
dilatation or hypertrophy (Hamwi, 1960).

Nervous system. Impaired vision and loss
of visual fields have been observed in 40% of
acromegalic cases. Bitemporal hemianopsia is
the typical loss of visual fields. Homonymous
hemianopsia or concentric narrowing of the
visual field and scotomas also occur occasion-
ally. Papilledema is extremely rare. Paralysis
of the ocular muscles and other neurological
disorders (see p. 109£.) can occur with the supra-
sellar expansion and hemorrhages of the tumor
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(HowARD, 1965). Vision and visual fields can,
however, also be intact in fully-developed
acromegaly. The pathogenesis of the paresthesia
has not been explained (see p. 109). Paresis
with hyporeflexia due to hypertrophic neuro-
pathy has been described (STEWART, 1966).

e) Metabolic Changes

See p. 123f. for the inorganic serum phosphorus.
Calcium turnover in the skeleton is increased
(BELL, 1967).

The positive nitrogen balance during the
active phase is of little clinical diagnostic value.
Excretion of creatine and creatinine is increased,
but this is not very specific. Gonadotropin excre-
tion is usually found to be normal. This does
not explain amenorrhea and loss of libido and
potency, wich are frequently found. Slight albu-
minuria is found in 25% of cases, even in the
absence of demonstrable renal failure. Glo-
merular filtration and plasma flow are increased
in keeping with the enlarged extracellular space
(Ikkos, 1956).

Basal metabolic rate: It is often stated that
the BMR is increased in two-thirds of cases.
There are usually only slight deviations of
+14 to +18% and these do not indicate a
diagnosis of hyperthyroidism. Estimation of
the BMR in altered stature is problematic,
but elevated values are found in such cases
whether standards of weight, height, or cell
mass are used (Ikkos, 1956) (see p. 240f.).
Occasionally, increases of over 60% have also
been found. This is due to a hypermetabolic
state in the absence of hyperthyroidism. This
has been demonstrated by radioiodine tests,
by the failure to respond to antithyroid drugs,
and finally, by the histological examination of
goiters removed surgically. There are no clinical
signs of overactivity. The radioiodine uptake
is found to be either normal or slightly elevated
(Hamwi, 1960). On the other hand, the ratio
2/48 h uptake is usually raised. The level of
thyroxine-binding protein is usually reduced,
that of thyroxine-binding albumin raised, and
PBI and thyroxine levels may be low. The
T3-resin uptake is usually normal (RoTts, 1967).
The increased metabolism must therefore be
due solely to the increased quantity of growth
hormone.

The adrenocortical steroids and their deriv-
atives in the urine are usually normal. Slight
elevations are due less to adrenal hyperplasia
than to an increase proportional to the total
body weight. The increase in response to ACTH
and methyrapone is correspondingly normal as
a rule (LM, 1964), as is the inhibition produced
with dexamethasone (HaAmMwiI, 1960), unless the
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illness is combined with CUSHING’S syndrome
or an adrenogenital syndrome (MAUTALEN,
1965).

Diabetes mellitus. Frank diabetes is found
in 20% of acromegalic cases, and in 10% the
glucose tolerance is reduced. The diabetes may
be mild or severe. Itis usually not very responsive
to insulin, and there is no tendency to acidosis.

Table 4. Frequency of the acromegalic symptoms. (After
DAVIDOFF)

Acral enlargement 100%
Sella enlargement 93%
Headaches 87%
Menstrual anomalies 87%
Amenorrhea 73%
Elevated BMR 70%
Visual disturbances 62%
Hyperhidrosis 60%
Hypertrichosis 53%
Skin pigmentation 46%
Increase in weight 39%
Loss of libido 38%
Asthenia 33%
Paresthesia 30%
Hypotension ( <120 mm Hg systolic) 30%
Polyphagia 28%
Cutaneous fibromas 27%
Glycosuria 25%
Polydipsia 25%
Goiters 25%
Diabetes 12%
Loss of body hair 7%
Galactorrhea 4%
Breasts underdeveloped 4%

The diabetes arises on average 10 years
after the onset of the first acromegalic symptoms.
A certain predisposition seems to be necessary
in addition to the acromegaly, for the diabetes
to become overt, since the incidence of diabetes
in relatives of diabetic acromegalics is consider-
ably higher than in those of nondiabetic acro-
megalics. Three different stages can be distin-
guished in the development of the diabetes. At
first, glucose tolerance is normal. During the
glucose tolerance test, insulin release is prompt
but excessive. Later, the insulin output is
delayed, and glucose tolerance is normal or
reduced. Both stages are reversible with success-
ful treatment. In the third stage, the insulin
concentration in the blood is already at a
maximum during the fasting state and cannot
be increased further (SOENKSEN, 1967). Acro-
megalic patients not reacting to a glucose
infusion with increased insulin release may be
latent diabetics or prediabetics (LUFT, 1967).
The hyposensitivity to insulin is not explained
by the increase of free fatty acids (BECK, 1965).

The renal glucose threshold is usually high.
The pathogenesis of acromegalic diabetes has
been explained by the metabolic properties of
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STH. This inhibits glucose absorption by the
musculature. As long as sufficient insulin is
present for the glucose to be used for tissue
synthesis, carbohydrate metabolism is balanced.
Diabetes results when the B-cells of the pancreas
fail due to constitutional weakness during
persistent over-exertion.

Table 5. Synopsis of examinations

1. History
Changes in appearance: by examining previous photo-
graphs.
Sexual function: loss of libido and potency.

Complaints: headaches, tiredness, paresthesia, hyper-
hidrosis.

2. General examination

a) Alterations in the shape of the head, trunk and ex-
tremities.

b) Body measurements: height, weight, length of the upper
and lower body sections, span, diameter of the head,
chest and wrist, size of shoes and gloves, possibly a
plaster impression of the teeth.

c) Ophthalmoscopy, examination of vision and of visual
fields.

3. X-ray examinations

Skull, pneumoencephalography, lateral view of the tho-
racic vertebral column, possibly hands and feet.

4. Laboratory investigations

Serum phosphorus, sugar and protein in the urine, fast-
ing blood-sugar and if normal, glucose tolerance test.
BMR, if elevated, radio-iodine test, thyroxine, estima-
tion of growth hormone during the insulin or glucose
tolerance test.

f) Course and Prognosis, Special Forms

The onset is insidious, although acute forms
of the disease with a course of 2—4 years have
been described. The symptoms arise in three
groups. Excessive growth first becomes apparent
and is followed by pressure symptoms of the
pituitary tumor, especially those involving the
optic nerve and chiasma; symptoms related to
the circulatory organs and metabolic disturb-
ances are the last to arise (diabetes, polyphagia,
polyuria).

The life expectancy in untreated acromegaly
is 13 years on average. The cause of death is
most often cerebral compression and hemorrhage
in the tumor. Diabetic complications are second
in frequency as the cause of death, and the third
most frequent cause is cardiac failure in the
presence of a hypertrophic but functionally
inferior myocardium. The illness can become
stationary at any time, and can also have an
intermittent course. Finally, hyperpituitarism
can be converted into hypopituitarism, where
the tumor destroys the remaining Dpituitary
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tissue and ultimately degenerates. The signs
of hypopituitarism may then be superimposed
on the clinical picture of acromegaly (see
p. 93). Tiredness, apathy, hypogonadism, hypo-
thyroidism, and finally adrenocortical insuffi-
ciency complete the picture. These forms are
described as burnt-out acromegaly. Forms
of acromegaly combined with thyrotoxicosis,
CusHING’s syndrome, neurofibromatosis, or
amyotrophic lateral sclerosis have also been
described. The acromegalic changes can be
limited to one side of the body or to one organ,
such as the tongue or the big toe. Such presenta-
tions can only be explained by a different
response of the endorgans to STH.

BaiLy and CuUsHING described a case of “fugitive
acromegaly”, an intermediate form between true acromegaly
and the chromophobe adenoma. In the clinical histories of
6 cases there was not a single symptom pointing to hyper-
function of the anterior pituitary lobe. The acromegaloid
features appear to have been constitutional anomalies.

g) Differential Diagnosis

The diagnosis presents no difficulties in fully-
developed acromegaly when it can be established
that the patient’s appearance has changed. The
condition can, however, be extremely difficult
to differentiate from an acromegalic constitution,
so-called acromegaloidism. The appearance of
the acromegaloid subject can be very similar
to that of the acromegalic, although the soft-
tissue thickening is never so pronounced. Proof
that the patient has changed in appearance is
important in the diagnosis of acromegaly. Earlier
photographs are especially valuable. The acro-
megaloid with mild to pronounced characteristic
features usually displayed these features even
as a child (Fig. 14). The sella is not enlarged,
and there are no metabolic deviations. It is
not an illness but a constitutional anomaly. Nor
is there any genetic connection between acro-
megaly and acromegaloidism, which does not
occur more often in the families of acromegalics
than in the normal population.

Acromegalic features occur in cerebral gi-
gantism (Sotos) and in idiopathic gingival
fibromatosis and hypertrichosis (GORLIN, 1964).

The differential diagnosis can also include
Paget’s disease due to the cranial changes,
hypertrophic osteoarthropathy with periostial
osseous proliferations, pachydermoperiostosis,
and finally, leprosy with leonine facies. Dif-
ferentiation from myxedema should hardly
present any difficulties though it was included
in the differential diagnosis by PIERRE MARIE.

Usually difficulty is not encountered in the
diagnosis of acromegaly but in deciding whether
the disease is still active or has come to a stand-
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Fig. 14. 23-year-old male patient of acromegaloid constitution. Acromegaloid features already detectable in babyhood

(Prof. ScHUPBACH, Inselspital, Bern)

still. This question is not answered by the appear-
ance, and the history is often no help since
growthisslow. Thedetection of headaches, severe
sweating, polydipsia, polyphagia and a raised
BMR are of importance. An elevated serum
phosphorus is a finding of value since it may in-
dicate an overproduction of growth hormone
and becomes normal again with the inactivation
of the process. Normal phosphate values do not,
however, exclude activity. The activity can best
be assessed by measuring the growth hormone
during the insulin and glucose tolerance tests.
The concentration of HGH and the severity of
the illness are not always compatible.

h) Treatment of Acromegaly

Treatment of acromegaly must be directed at
the following 3 symptom groups:

1. neurological disorders, especially loss of
visual field, and headaches;

2. subjective and objective symptoms of
endocrine hyperfunction;

3. concomitant endocrine failure.

The therapeutic problems have been solved
only for the 3rd group of symptoms (see p. 105f.).
The degree of success with neurological disorders
is very much dependent on the extent of the
tumor. The prognosis for neurological disorders
is good after surgical removal of a tumor
limited chiefly to the sella when it has been
diagnosed early. The problem of how to treat
the endocrine hyperfunction has not yet been
satisfactorily solved (KozaAk, 1966). The symp-
toms may regress following radiation, and tumor
growth may be arrested. Objective remissions

can only be demonstrated by the fall or nor-
malization of plasma growth hormone and have
not been successfully achieved with conventional
or high-voltage irradiation, or with implantation
of “°Yt whether or not combined with 2Ir,
and not always by operation (GLICK, 1965;
LinrooT, 1965; RoTH, 1968). Even in the
so-called burnt-out cases, where there is a
clinical remission, growth hormone may still
be increased (GREENWOOD, 1965). A final evalua-
tion of the therapy will not be possible until
large comparative series of growth hormone
measurements are available. In general there
is a tendency to radical treatment, even when
hypopituitarism must be expected.

There are now six possible methods of
treatment.

o) Surgical Removal of the Tumor

This procedure is indicated (1) if neurological
disorders are present or (2) if the symptoms
do not regress after irradiation or the objective
symptoms progress. The neurosurgical trans-
frontal approach (Ray, 1964) and the rhino-
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