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PREFACE

I'first became interested in prolactin a little over two years ago. I was then
working in Nairobi and I knew nothing about the hormone apart from its role
in lactation. Professor Mohammed Hyder of the Department of Zoology in the
University of Nairobi was interested in the endocrine mechanisms which enable
Tilapia fish to adapt to water with a very high electrolyte content. He invited
me to a seminar given by Professor Howard Bern which was largely concerned
with the role prolactin plays in fluid and electrolyte balance in sub-mammalian
vertebrates. This inspired me to begin a programme of research into the roles
prolactin plays in man and other animals.

Very few physiologists or clinicians seem aware of the multifarious effects of
prolactin in mammals. This book therefore aims to give a comprehensive account
of the mammalian physiology of prolactin and to make suggestions about its
possible role in diseases ranging from cancer to mental illness. The two subjects
which have been previously widely covered, the roles of prolactin in lactation
and in rat mammary cancer, are presented relatively briefly though with a full
list of references. Other subjects are dealt with more extensively and I hope that
many research workers and clinicians may find the book helpful.

The ideas presented have been extensively discussed with my colleagues,
notably Peter Burstyn, Ieuan Lloyd and M.S. Manku, and I should like to
record here my gratitude to them. I should also like to thank my secretary,
Mrs. Pat Haselhurst for working so hard on this book.

David F. Horrobin
Newcastle upon Tyne
May 1973
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Chapter 1

INTRODUCTION

Until very recently, interest in mammalian prolactin was confined to those with a
specific concern for reproductive physiology. Scientists dealing with non-mammalian
vertebrates were aware of a much wider spectrum of action. There is some evidence
that phylogenetically a form of prolactin may be the oldest pituitary hormone

and in view of this it is not surprising that it has widespread effects on many

tissues. It seems to be of particular importance in osmoregulation and is the hormone
which permits species like the eel and the salmon to move from sea water to

fresh and vice-versa: it regulates salt gland function in birds and helps to control
fluid and electrolyte movements in the anuran bladder. In amphibians particularly,
it has important effects on maturation, stimulating the growth of larval structures
by blocking the effects of TSH on the thyroid gland and of thyroxine on the

tissues. In a number of species it shows interactions with other hormones either
facilitating or inhibiting their target organ effects. As in mammals, in the non-
mammals it is a major reproductive hormone with important actions on

reproductive behavior and reproductive physiology, particularly in connection

with mechanisms for ensuring adequate nutrition of the young. (Bern, Nicoll,

1968: Meites, Nicoll, 1966: Nicoll, Bryant, 1972: Turkington, 1972d.)

In the past decade there has been an explosion of interest in the effects of
mammalian prolactin. The themes have been largely those which might have
been predicted from a knowledge of its functions in non-vertebrates. Prolactin
has been shown to modify the actions of a large number of mammalian
hormones including LH, FSH, insulin, estrogens, cortisol, thyroid hormones,
progesterone, aldosterone, ADH, erythropoietin and ACTH. It has been shown
to control some aspects of fluid and electrolyte metabolisim. It is a hormone of
major importance in mammalian reproduction and as well as its well known
effects in lactation it may have roles in the estrous and menstrual cycles, in
pregnancy and in male reproduction. Two themes which might not have been
predicted from its role in the non-mammals are its possible roles in both the
initiation and prevention of cancer and in mental disease
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In the past three years interest in human prolactin has grown rapidly, follow-
ing the increasingly convincing demonstration that human prolactin is an
entity distinct from growth hormone. The development of radioimmunoassays
has set the seal on this demonstration and the stage is now set for exploration
of its role in human physiology and disease. There are already indications that
it may be involved in a wide spectrum of illnesses whose mechanisms have up to
now been obscure.

Although several volumes of symposium and conference proceedings and
monographs on particular aspects of prolactin biology have been published
in recent years there has been no systematic review of its overall physiology
and no attempt to relate aspects of this physiology to clinical problems. This
book is such an attempt and such is the growth of this area of research that
1973 may well be the last date when a volume like this could be attempted
by a single author. The book strictly confines itself to mammalian and human
species. It is divided into three very different sections:

A. Review of prolactin physiology. This is a strictly factual account and I

have attempted to keep all speculation, personal or otherwise, out of this

section. It covers papers which were listed in the Index Medicus under the

heading of prolactin up to and including December, 1972. Papers appearing

later than this in some journals which carry many reports on prolactin are

also included. A list of most of the papers consulted is to be found in the
bibliography. This is relatively complete from 1960 onwards and includes

selected papers before that date. Papers not listed have for the most part

been unobtainable by me and all those which are listed have been personally
consulted. The bibliography is in alphabetical order as this seems to be the most
generally useful form. This does, however, make a system of numbered references
difficult to operate as the addition of a single reference may then require extensive
aiterations throughout the text. I have therefore decided to quote authors’ names
in full in the text. This too leads to problems as the text can become difficult to
read when long lists of names come between every successive sentence. In-order to
allow the book to be read smoothly all the references supplying information dealt
with in a particular paragraph or section are listed in alphabetical order at the end
of that paragraph or section. It is my impression that only a very small proportion
of people reading any one paragraph will actually want to identify and look up the
references with which the paragraph deals. Since the titles of the papers are given in
full in the bibliography, it should be relatively easy for someone who does want to
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locate a particular reference to do so. The majority who do not want to look up the
references will be able to read smoothly and continuously. I am aware that my
opinions on this matter may not be shared by other scientists and I would appreciate
their comments so that, if necessary, the system may be changed in the next edition.
I have made no attempt whatsoever to get involved in priority disputes: since

prior publication is no guarantee of prior discovery a reader who is not intimately
involved in the matter cannot hope to know the truth.

B.  Application of knowledge of prolactin to human disease. This section
attempts to assess the possible roles of prolactin in human illness. Its aim is to
show what we now know and to point out possible future lines of research. It
includes speculation by others and by myself and should be of particular

interest to the clinician. It discusses the possibilities that prolactin may be involved
in many conditions apart from the obvious galactorrhea. These include the pre-
menstrual syndrome, cancer of various organs, migraine, asthma, myocardial
infarction and other forms of thrombo-embolic disease, and mental illness.

C.  Hypothesis. This is an attempt to draw together the various concepts of
the role of prolactin discussed in sections A and B, and to use them to develop
a unifying hypothesis of the role of prolactin in human biology.

Because of a clear understanding on the part of the publishers of the
importance of rapid publication of this type of volume, this book will be
available within six weeks of delivery of the final typescript. Inevitably this
means that some of the normally leisurely proof reading processes will be
more hastily carried out and that there may be more minor errors than usual
in a printed work. However, we believe that rapid production is more
important than the final elimination of relatively insignificant errors. We
hope that readers will also agree but either I or the publishers would welcome
reactions from readers to this approach.



Section A: Physiology and Pathophysiology of Prolactin

Chapter 2

ISOLATION, STRUCTURE AND
CELLS OF ORIGIN

Ovine prolactin was prepared in a relatively pure form in the 1930’s and is now
readily available in relatively large quantities. The modern preparations contain

very little, if any, growth hormone but freedom from such contamination

cannot yet be guaranteed. Almost all studies of the effects of prolactin in mammals
have used ovine prolactin preparations. Small amounts of pure prolactin from

other sources, notably rats, mice, cattle, monkeys and humans have also been
obtained but usually in quantities necessary for the development of radioimmunoas-
says rather than for studying the effects of exogenously admisistered hormone.
(Bryant, Greenwood, 1968: Cheever, Seavey, Lewis, 1969: Chrambach, Bridson,
Turkington, 1971: Friesen, Guyda, Hardy, 1970: Guyda, Friesen, 1971:

Lewis, Singh, Seavey, 1972: Meites, Kahn, Nicoll, 1961: Reisfield, Tong, Riches, Brink
Steelman, 1961 : Schams, Karg, 1970: Sinha, Selby, Lewis, Vanderlaan, 1972:
White, 1949.)

Human prolactin and growth hormone

Human pituitary prolactin has proved very elusive and for a time there were serious
doubts as to its separate existence. It was suggested that in man its role might be
shared between growth hormone and placental lactogen and that most studies of
so-called prolactin in man were in fact studies of growth hormone. Since growth
hormone has lactogenic activity and prolactin has somatotrophic activity the
problem could not be resolved with certainty by bioassay techniques.

It now appears that much of the difficulty arose from the fact that relatively
small amounts of prolactin are stored in the human pituitary and much of the
prolactin that is there seems to disappear within a short time after death, possibly
because of lysosomal destruction. This problem was largely surmounted by the
development of techniques for the culture in vitro of monkey and human pituitary
glands taken from both fetuses and mature individuals. The human fetal pituitary
has been reported to begin prolactin secretion as early as five weeks after conception.
(Brauman, Brauman, Pasteels, 1964: Friesen, Guyda, 1971: Friesen, Guyda, Hwang,
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1971: Gala, 1971: Hwang, Friesen, Hardy, Wilensky, 1971: Lewis, Singh, Seavey,
1971: Nicoll, Parsons, Fiorindo, Nichols, Sakuma, 1970: Pasteels, 1963: 1972b:
Pasteels, Brauman, Brauman, 1963: Siler, Morgenstern, Greenwood, 1972.)

The crucial factor in the proof of a difference between human growth hormone
and prolactin was the development of a radioimmunoassay for the former. It
rapidly became apparent that in dwarfs lactation could occur in the absence
of growth hormone and that in normal lactating individuals there was no paral-
lelism between growth hormone levels measured by RI assay and prolactin levels
estimated by bioassay. In patients with acromegaly and in those with galactorrhea
there was also often a clear dissociation between plasma lactogenic activity and
growth hormone levels measured by radioimmunoassay. Furthermore, while in
some types of patients such as some acromegalics, antisera to growth hormone
could remove most of the lactogenic activity, in most cases lactogenic activity was
completely or partially unaffected. Finally when pituitaries were maintained in
culture, growth hormone secretion declined while prolactin secretion increased.
(References to previous paragraph plus Forsyth, Myres, 1971: Frantz, Klienberg,
1970: Frantz, Kleinberg, Noel, 1972: Guyda, Hwang, Friesen, 1971: Hwang,
Guyda, Friesen, 1972: Nichol, Blair, Nichols, Russell, Taylor, 1972: Nicoll,
Parsons, Fiorindo, 1969: Peake, McKeel, Jarrett, Daughaday, 1969: Rimoin,
Holzman, Merimee, Rabinowitz, Barnes, Tyson, McKusick, 1968.)

The development of effective radioimmunoassays for human prolactin (discussed
in the next chapter) has finally put an end to the idea that human growth hormone
and prolactin may be identical.

Prolactin structure

The primary structures of human growth hormone, human placental lactogen and
ovine and bovine prolactins have now been published. Although the workers in

this field continue to dispute about details, there can be little doubt that these
structures are substantially correct. All the hormones contain about 190 amino

acid residues and have molecular weights somewhere in the region of 22,000
Approximately 80% of the residues are shared between human growth hormone

and placental lactogen whereas the pituitary prolactins share only about 20% of

the residues with growth hormone. This emphasises the difference between prolactin
and growth hormone. Prolactin seems to be the most potent lactogenic hormone

but both growth hormone and placental lactogen also have substantial lactogenic
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activity. In contrast, placental lactogen is only 10-20% as active as human growth
hormone in promoting growth as shown by the rat tibia test: in this same test
pituitary prolactin has virtually no activity. It is probable that tertiary structure

of the hormones is not required for activity, since both human growth hormone
and placental lactogen may be oxidised with performic acid without major loss

of biological activity. Partial enzymic digestion of the hormones may also be
carried out with retention of biological potency suggesting that the latter may be
determined by relatively small parts of the molecule. (Belanger, Shome, Friesen,
Myers, 1971: Bewley, Li, 1970, 1971, 1972: Li, 1969, 1972: Li, Dixon, Chung,
1971: Li, Dixon, Liu, 1969: Li, Dixon, Lo, Schmidt, Pankou, 1970: Li, Yamashiro,
1970: Niall, 1971, 1972: Seavey, Lewis, 1971: Sherwood, 1967, 1971: Sherwood,
Handwerger, McLaurin, 1972: Sherwood, Handwerger, McLaurin, Lanner, 1971:
Sherwood, Handwerger, McLaurin, Pang, 1972: Wallis, 1971.)

Within the prolactin molecule itself there appear to be four main areas of
internal homology. This suggests that prolactin may have evolved from a much
shorter primitive polypeptide by means of two successive reduplications. Since
prolactin-type molecules are found even in the more primitive vertebrates while
growth hormone and placental lactogen are later developments, it is possible that
the last two molecules evolved from prolactin. (Niall, Hogan, Sauer, Rosenblum,
Gréenwood, 1971.)

The structure of human prolactin has yet to be determined but the fact that
some radioimmunoassay procedures based on ovine prolactin cross react with
human prolactin but not significantly with growth hormone suggests that
prolactin from humans is closely related to that from the sheep. (Jacobs, Bauman,
Daughaday, 1971: L’Hermite, Stauric, Robyn, 1972: L’Hermite, Delvoye, Nokin,
Vekemans, Robyn, 1972))

Cellular origin

Our knowledge of the cellular origin of prolactin derives largely from work done

by Belgian scientists. In the rat, guinea pig, monkey and human, specific prolactin
secreting cells distinct from growth hormone secreting cells (somatotropes) have
been identified by both histological staining and fluorescent antibody techniques.
Somatotropes stain with orange G and fluoresce with antibodies to growth hormone
while prolactin secreting cells may be identified by Herlant’s stain and by their
binding of fluorescent anti-prolactin antibodies. (Herbert, Hayashida, 1970:
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Herlant, Pasteels, 1967: Pasteels, 1963, 1972: Pasteels, Brauman, Brauman, 1963:
Pasteels, Gausset, Danguy, Ectors, 1972: Pasteels, Gausset, Danguy, Ectors, Nicoll,
Varavudhi, 1972: Vodian, 1970.)

Prolactin secretion from cultured human fetal pituitaries has been observed as
early as five weeks after conception but prolactin secreting cells have not been
identified until four months gestation. They then increase progressively until
parturition. They may be difficult to identify in children and young males but
can be readily seen in women of reproductive age. During pregnancy, hyperplasia
and/or hypertrophy begins at about the third month and is very marked at term.
Some atrophy seems to occur with age but does not occur in patients who have
been ovariectomised without hormone replacement. Hypertrophied pituitary cells
have been seen in people dying with hepatic cirrhosis and severe untreated
myxedema and in those on estrogen, progestin, or testosterone therapy. Adrenal
steroid treatment or adrenalectomy had no obvious effect. The prolactin cells
tend to be arranged peripherally and adjacent to the neural lobe. Electron micro-
scopy has shown release of granules in response to suckling and apparent lysosomal
destruction and digestion of granules at the termination of lactation or following
treatment with ergot alkaloids. Maturation of secretory granules has also been
observed in lactating rats. Removal of the litter for twelve hours caused a marked
increase in the number of mature granules while return of the litter for 15 minutes
led to very marked granule extrusion. (Pasteels, 1972: Pasteels, Gausset, Danguy,
Ectors, 1972: Shiino, Williams, Rennels, 1972: Siler, Morgenstern, Greenwood,
1972.)

In spite of all the evidence for separate growth hormone and prolactin
secreting cells, there are two reports which suggest that at least some pituitary
cells may secrete both hormones. Cytoplasmic secretory granules have been
isolated from bovine pituitaries. Acidophilic granules contained only growth
hormone and prolactin. Lighter granules with a diameter of 250-300 mu
contained growth hormone almost exclusively while heavier granules (diameter
about 450 mu) seemed to contain a mixture of growth hormone and prolactin
Growth hormone seemed to occur only as a monomer while prolactin was found
in both monomer and polymer forms. In another species, the rat, a clonal strajn
of cells derived from a pituitary tumor was found to be capable of secreting both
prolactin and growth hormone. Thus while it seems very likely that separate
prolactin and growth hormone secreting cells exist, the possibility that there is a
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population of cells which secretes both cannot be excluded. (La Bella, Krass, Fritz,
Vivian, Shin, Queen, 1971: Tashjian, Bancroft, Levine, 1097.)

Effects of cyclic AMP and the ionic environment

Several investigators have studied the actions of the ionic environment and of

cyclic AMP in cultured pituitaries. Glands cultured in media similar to Krebs-
Ringer bicarbonate buffer and inoculated with ® H-leucine release most of the
labelled prolactin into the medium but retain labelled growth hormone in the gland.
Replacing the bicarbonate with phosphate causes retention in the gland of prolactin
as well as growth hormone. Removal of potassium or calcium ions from the medium
greatly reduces synthesis and release of prolactin with the effect on release being
apparently greater. Elevation of calcium concentration stimulates synthesis and
release of prolactin but not growth hormone while elevation of potassium con-
centration stimulates growth hormone synthesis and release but has no effect on
prolactin. Raising both potassium and calcium concentrations elevates secretion

of both hormones. Studies on prolactin in culture may be complicated by the
presence of several pools of the hormone within the gland. (MacLeod, Fentham,
1970: MacLeod, Lehmeyer, 1972: Parsons, 1969, 1970: Parsons, Nicoll, 1971:
Swearingen, 1971: Wakabayashi, Arimura, Schally, 1972.)

Cyclic AMP causes secretion of prolactin from cultured pituitary glands
within a matter of minutes. Theophylline also causes prolactin secretion
apparently by a cyclic AMP mediated mechanism. The main action seems to be
on release of preformed prolactin rather than on synthesis, and extrusion of
secretory granules can be observed. Cyclic AMP stimulates the secretion of
growth hormone as well as of prolactin. (Bowers, 1971: Lemay, Labrie, 1972:
Nagasawa, Yanai, 1972: Pelletier, Lemay, Beraud, Labrie, 1972.)



Chapter 3

ASSAY OF PROLACTIN

The assay of prolactin has improved rapidly in recent years and reliable forms of
both bioassay and radicimmunoassay are now available. There is a tendency to
dismiss bioassay because of the greater sensitivity and capacity of RI assay
techniques but there will always be a need to control and to check Rl assays
with reliable bioassays. One form of bioassay for which there is an urgent need
and which has not yet been devised for any hormone is an assay of the effectiveness
of prolactin in the individual whose body fluids are being sampled. As well as
knowing that the concentration of prolactin in a fluid is X ng/ml we want to

be able to know what effect X ng/ml will have in that individual. The dramatic
variability in individual response to a standard exogenous dose of any hormone
indicates that X ng/ml in individual A may have quite different effects from
Xng/ml in individual B. What is required is some form of biological activity
coefficient by which a hormone concentration could be multiplied in order to
give a measure of the biologically active concentration in any one individual.

Bioassay of prolactin in blood

Since both growth hormone and placental lactogen have lactogenic activity and
since all bioassays in use employ either the pigeon crop sac or the mammary
gland as a target organ, bioassay results can be said to be specific for pituitary
prolactin only if the fluid to be tested is previously neutralised with an
antiserum to growth hormone and, when appropriate, an antiserum to placental
lactogen. Alternatively, growth hormone and placental lactogen levels may be
simultaneously measured by radioimmunoassay.

Until recently the pigeon crop sac assay was the standard prolactin assay
but it suffered from a lack of sensitivity and a susceptibility to false positive
results occurring because of an inflamimatory response to the fluid being
assayed. The use of steroids minimises inflammation but even so the value of
this assay in a modern laboratory is doubtful, even if only because workers
using RI assays and other bioassays are likely to disbelieve the results! (Apostolakis,
1968: Berswordt-Wallrabe, Herlyn, Flaskamp, Hellige, 1971: Berswordt-Wallrabe,
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Herlyn, Jantzen, 1965: Lyons, Page, 1935: Meites, Nicoll, 1966: Nicoll, 1967,
1969.)

A number of in vivo tests have been used in mammals but are difficult to make
specific because of the problem of endogenous hormone production. They
include local mammary development after intraductal administration of the test
fluid to estrogen or HCG - primed rabbits and the histological examination of
mammary glands in estrogen-primed rats after sub-cutaneous injection of the
test material (mammotropic index). (Sulman, 1971.)

Because of the difficulties of in vivo testing, recently bioassay technology has
concentrated on the development of in vitro tests. Four such assays have gained
acceptance as being relatively reliable. Two use histological methods with an
assessment of the cellular development and amount of alveolar secretion in
portions of mammary gland maintained in culture. One of these uses culture of
the mid-pregnant mouse mammary gland and the other the pseudopregnant
rabbit gland. (Forsyth, 1970, 1972: Forsyth, Edwards, 1972: Forsyth, Myres,
1971: Frantz, Kleinberg, 1970: Frantz, Kleinberg, Noel, 1972a, 1972b: Kleinberg,
Frantz, 1971.)

The other two assays use biochemical endpoints and employ the mid-pregnant
mouse mammary gland. One depends on the prolactin-stimulated incorporation
of 32P into casein and the other utilises the induction of the activity of the
enzyme N-acetyllactosamine synthetase which catalyses the following reaction

N-acetylglucosamine + UDP-galactose -—» N-acetyllactosamine + UDP

All four of these modern bioassays can detect prolactin activity in pregnancy,
in lactating women and in situations such as galactorrhea where prolactin levels
are abnormally elevated. They are, however, rather complex to carry out and
cannot reliably measure activity in normal males or non-pregnant, nondactating
females. The published versions of the biochemical assays have used male
“normal” plasma as a diluent and in view of the demonstration by radio-
immunoassay that prolactin levels in male plasma may vary considerably from
individual to individual, this procedure will need to be revised. (Loewenstein,
Mariz, Peake, Daughaday, 1971: Turkington, 1971a.)

10
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Radioimmunoassay of prolactin in blood

The major difficulty with radioimmunoassay is the preparation of highly purified
hormones for iodination and the raising of antisera. Good materials are now
available for rat and mouse radioimmunoassay and the materials for one form of
the rat assay are available in kit form from the National Institute of Arthritis and
Metabolic Diseases, Bethesda, Maryland, U.S.A. (Cheever, Seavey, Lewis, 1969:
Dilley, 1966: Kwa, Gala, 1972: Kwa, Verhofstad, 1967, Neill, Reichert, 1971:
Sinha, Selby, Lewis, Vanderlaan, 1972.)

The domestic animals are also well catered for. Sheep and goats can apparently
share the same assay, while a separate bovine assay has been developed. (Bryant,
Greenwood, 1968: Bryant, Linzell, Greenwood, 1970: Davis, Reichart, Niswender,
1971: Fell, Beck, Brown, Cumming, Goding, 1972: Hart, 1972: Kann, 1971:
McNeilly, 1971: Schams, Karg, 1970.)

The main problems have arisen with human prolactin because of the lack of
availability of adequate amounts of pure hormone of adult human origin. In an
attempt to get round this prolactins from a number of sources including cultured
fetal pituitaries, monkeys, sheep, and pigs, and a denatured form of placental
lactogen have all been used either for 3! I labelling or for raising antisera. The
striking thing is that almost all studies using these different preparations are in
broad agreement as to the situations in which prolactin levels may be elevated
and as to the stimuli and drugs which may change prolactin levels. Unfortunately,
as was dramatically pointed out by Cotes, when the various assays are applied
to the same plasma sample there is appallingly little agreement as to the absolute
levels of hormone present. Estimates ranged from 0 to 171 mamp equiv/mi.

It is therefore safe to conclude that while the present assays may be

internally relatively self consistent and valuable for discovering differences in
prolactin levels between populations and in individuals subjected to changing
conditions, they cannot yet be employed with certainty for the assessment of
absolute levels. A central source of adequate amounts of human prolactin for

both iodination and the raising of antisera is urgently required in order to

allow comparison of results from different laboratories. (Bryant, Greenwood, 1972:
Bryant, Siler, Greenwood, Pasteels, Robyn, Hubinont, 1971: Cotes, 1972:

Frantz, Kleinberg, Noel, 1972b: Friesen, Belanger, Guyda, Hwang, 1972:

Friesen, Hwang, Guyda, Tolis, Tyson, Myers, 1972: Greenwood, 1972: Greenwood,
Siler, Bryant, Morgenstern, 1972: Josimovich, Boccella, Levitt, 1971: L’Hermite,

1t
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Stauric, Robyn, 1972: L.Hermite, Delvoye, Nokin, Vekemans, Robyn, 1972:
Hwang, Guyda, Friesen, 1971: Jacobs, Mariz, Daughaday, 1972))

Assay of prolactin in other body fluids

The older bioassays have been employed to measure prolactin in urine but as
yet neither the newer bioassays nor the radioimmunoassays have been used for
this purpose. There is a tendency to look down upon urinary estimations as a
poor man’s plasma assay but when a hormone like prolactin is involv‘ed which
shows large fluctuations in plasma level duringa 24-hour cycle and which has
a very short half-life, the assay of the amount in a 24-hour specimen of urine
may have considerable value. It can supply information which a single plasma
sample cannot. Since plasma sampling every 10-15 minutes throughout a 24-
hour period is not a practical clinical procedure, a 24-hour urine sample may be
the next best simple estimate of prolactin secretion. The value of this approach
has already been proved with cortisol and a radioimmunoassay applicable to
urine is therefore urgently required. (Dilley, 1966: Fraser, Spicer, Williams,
Young, 1961: Fujii, Uruta, 1965: Ivanteeva, 1963: Lyons, 1937: Mitsuda, 1965:
Vilar, Alvarez, Davidson, Mancini, 1964.)

Radioimmunoassay techniques have been applied to the measurement of
prolactin in human milk and amniotic fluid. (Friesen, Hwang, Guyda, Tolis,

Tyson, Myers, 1972: Friesen, 1972c.)

12



Chapter 4

BIOCHEMISTRY AND
EFFECTS ON METABOLISM

Although prolactin appears to have widespread metabolic actions, the only target
organ which has been extensively studied from a biochemical point of view is

the mammary gland. This chapter will discuss those aspects of mammary prolactin
biochemistry which seem likely to be generally applicable. The specific actions

of prolactin on the mammary gland which are peculiar to that gland will be
discussed in the chapter on lactation.

Prolactin in blood

There is very little evidence about the form in which prolactin is transported in
the plasma but it seems possible that it travels as the free molecule unbound to
anything else. The main evidence for this is that the immunoreactive prolactin
present in sheep plasma fractionates on Sephadex and in sucrose density gradients
as a single peak which appears identical to the peak observed with freshly
dissolved ovine prolactin. (Bryant, Greenwood, 1968.)

There is no evidence as to the precise mechanism of prolactin metabolism
but it does seem to be bound by the liver and it is widely assumed to be inactivated
there. Its inactivation is very rapid. In the human its half-life seems to be in the
region of 15-20 minutes and similar results have been obtained in rabbits and cattle.
In all species studied peaks of prolactin in the plasma are followed by falls which
indicate a short half-life. (Birkinshaw, Falconer, 1972: Friesen, Hwang, Guyda,
Tolis, Tyson, Myers, 1972: Schams, Karg, 1970: Turkington, 1972b.)

Metabolic clearances have been most extensively studied in rats. Two or more
phases have been identified, the halfife of the first major one ranging from 2-12
minutes. When bovine prolactin was administered to untreated adult rats the half-
life for the first phase was 6 minutes. Treatment with a low estrogen dose lowered
this to 3 minutes and with a high estrogen dose to 2 minutes. (Grosvenor, 1967:
Koch, Chow, Meites, 1971: Kwa, Feltkamp, Van der Gugten, Verhofstad, 1970:
Watson, Krulich, McCann, 1971.)



Biochemistry and Effects on Metabolism

Prolactin receptors

The identification of tissues to which prolactin is bound can form a good

starting point for a biochemical study. Several groups have labelled prolactin with
1251 and after injection into animals have sought for sites where it is preferentially
taken up and bound. Not surprisingly there is no doubt that mammary glands
take up the hormone and do so more avidly in the pregnant and lactating states
than in non-pregnant individuals. Other organs which seem to have specific
prolactin receptors are the ovary, uterus, liver, kidney, cerebral cortex and
seminal vesicle. Under the experimental conditions spleen, lung, heart, testis

and prostate did not specifically bind prolactin and other tissues do not appear
to have been studied as yet. Remarkably, the halflife of the labelled prolactin

in rabbit mammary tissue was fifty hours indicating that a single brief pulse of
prolactin secretion, detectable in the plasma for only half an hour or so, may
have a tissue action persisting for several days. (Birkinshaw, Falconer, 1972:
Shani, Givant, Sulman, Eshkol, Lunenfeld, 1972: Turkington, Frantz, 1972.)

Molecular biology of prolactin

The fundamental actions of prolactin on cellular biochemistry using the mammary
gland as a model have been worked out in a long series of complex papers by
Turkington and co-workers. The initial process is the binding of prolactin to the
mammary cell membrane. It seems probable that prolactin does not need to.

enter the cell to exert its effects since prolactin bound to Sepharose beads is

as biochemically effective as the free hormone. Since the beads are much larger
than the cells, prolactin bound to them could not have entered the cell but it

is possible that some of the hormone could have become dissociated. (Turkington,
1970: 1972a: Turkington, Frantz, 1972.)

Prolactin is fully effective only on mammary epithelial cells which have been
maintained in a culture medium containing insulin and hydrocortisone and which
have divided onee. Within the first two hours of addition of prolactin there is a
rapid increase inthe rate of histone phosphorylation which is presumably connected
in some way with gene expression. Synthesis of nuclear RNA occurs at the same
time. This is followed by increase in the activity of RNA polymerase and the
synthesis of ribosomal RNA and the appearance of polysomes in the cytoplasm.
After about six hours new synthesis of casein begins and after twelve hours
lactose synthetase activity develops with the appearance of alpha-actalbumin
and galactosyl transferase. Induction of these last two proteins continues for at
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least 48 hours. Thus the binding of prolactin to the cell membrane seems capable
of initiating all the processes leading to the induction of new enzyme activity.
(A long series of papers, all with Turkington as co-author, describes this work.)

Prolactin and cyclic AMP

One of the biochemical success stories of recent years has been the demonstration
that many hormones act by becoming bound to a cell membrane and there initiat-
ing the manufacture of cyclic AMP, the so-called second messenger, which is the
intracellular mediator of the action of the hormone. The cyclic AMP is produced
in a reaction catalysed by the enzyme adenyl cyclase. It was therefore natural to
investigate the action of prolactin on this system.

One enzyme whose activity was studied was phosphokinase II which catalyses
histone phosphorylation and may therefore be involved in the regulation of gene
expression. This enzyme can be activated by exogenous cyclic AMP added to
the system, and it seemed possible that prolactin might activate the enzyme by
a mechanism involving activation of adenyl cyclase and cyclic AMP synthesis.

In fact the action of prolactin turned out to be quite different. Instead of activat-

ing the adenyl cyclase it caused induction of the phosphokinase II without affecting
cyclic AMP levels: half maximal levels of the phosphokinase were found after

30 minutes and maximal levels after four hours. Thus prolactin did interact

with the cyclic AMP system, not by altering the concentration of the cyclic AMP itself
but by inducing the enzyme which is activated by cyclic AMP. If a similar mechanism
is found in other tissues it could help to explain how prolactin is able to interact with
so many other hormones. In rat prostate, prolactin has been shown to have a more
conventional effect in increasing cyclic AMP production. (Boyns, Cole, Golder, Danut
Harper, Brownsey, Cowley, Jones, Griffiths, 1972: Majumder, Turkington, 1971a,
1971b: Turkington, 1972.)

Prolactin and the ovary

The actions of prolactin on steroid secretion by the ovary have been observed in
several species. At mid cycle in the sheep hypophysectomy causes a sharp fall in
progesterone secretion. In the hypophysectomised or intact animal at this stage
both LH and prolactin increase progesterone secretion. FSH inhibits progesterone
secretion. In the later part of the cycle none of the hormones has any effect.
Negative reports on the effect of prolactin administration on progesterone output
in the sheep occur only with observations made either for brief periods
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after prolactin administration or in the later part of the cycle. About 30 minutes
seems required for the effect to become clearly established (Baird, 1969: Cook,
Kaltenbach, Niswender, Norton, Nalbandov, 1969: Domanski, Skrzeczkowski,
Stupnicka, Fitko, Dobrowolski, 1967: Hixon, Clegg, 1969: Short, McDonald,
Rowson, 1963.)

The major progestin secreted by the rabbit ovary seems to be 20a-hydroxypregn-
4-en-3-one. LH acts on ovarian interstitial tissue to increase the synthesis and release
of the 20a steroid and at the same time depletes cholesterol stores. After a large
dose of LH cholesterol stores may be so depleted that hormone synthesis is
depressed with a low basal outout and a lack of responsiveness to further LH
treatment. Prolactin treatment restores the cholesterol stores and basal 20« secretion
to normal and increases the sensitivity of the ovary to LH. Hypophysectomy of
rabbits 24 hours after ovulation leads to atrophy of the newly formed corpora
lutea and also of the interstitial tissue with depletion of cholesterol stores.

Prolactin maintains the interstitial tissue but does not prevent luteal atrophy.
Estrogen maintains the luteal tissue but does not prevent interstitial atrophy.
Estrogen plus progesterone prevent atrophy of both luteal and interstitial tissues.
(Hilliard, Spies, Lucas, Sawyer, 1972: Horrell, Kilpatrick, Major, 1972.)

In vitro experiments have failed to demostrate an effect of prolactin on steroid
secretion in the hamster, opossum or human. However, the detailed work on
rabbits suggests that what should be tested is the effect of LH given after a dose of
prolactin which might be expected to increase the stores of steroid hormone
precursors but to have little direct effect by itself. (Cook, Nalbandov, 1968: Rice,
Hammerstein, Savard, 1964: Schenkel-Hulliger, Krahenbuhl, 1971.)

The rat ovary secretes both progesterone and its reduced form 20a-hydroxy-
pregn-4-en-3-one. Hypophysectomy elevates the synthesis of the 20« steroid and
reduces the synthesis of progesterone by corpora lutea maintained in vitro. Prolactin
given in a dose of 200 ug twice daily to the hypox animals could reverse the change
and caused progesterone secretion to reach levels above those in pseudopregnant
controls. Prolactin injected into intact animals elevated serum progesterone and
reduced serum 20¢. In luteal tissue prolactin increased the rate of incorporation of
acetate-1-"*C into cholesterol, triglycerides, fatty acids and progestins. In contrast
it had no effect on interstitial tissue which is the reverse of the situation in rabbits.
(Armstrong, Greep, 1962: Armstrong, Knudsen, Miller, 1970: Ammstrong, Miller,
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Knudsen, 1969: Macdonald, 1969: Macdonald, Yoshinaga, Greep, 1971: Marsh.
Telegdy, Savard, 1966: Mason, Tinsley, Cochrane, 1969.)

Prolactin and the testis

In mice and rat tests prolactin seems able to induce the activity of the hydroxy-
steroid dehydrogenase enzymes which are required for testosterone metabolism.

It is capable of doing this in dwarf mice which have a hereditary prolactin defieiency.
Prolactin may also reduce the activity of Sa reductase which is involved in the meta-
bolism of testosterone. As with the ovary, prolactin seems important in maintaining
a pool of hormone precursors on which LH can act to stimulate testosterone
manufacture. In hypophysectomised rats testosterone secretion falls virtually to
zero. Prolactin alone and LH alone have only small effects on plasma testosterone
levels but treatment with both hormones elevates plasma concentrations above those
seen in intact controls. (Evans, 1962: Hafiez, Bartke, Lloyd, 1972: Hafiez, Lloyd,
Bartke, 1972: Hafiez, Philpott, Bartke, 1971: Musto, Hafiez, Bartke, 1972.)

Although it breaks the rule of dealing only with mammals it seems appro-
priate here to mention the elegant experiments of Meier on testicular growth in
sparrows. In house sparrows testicular growth was stimulated if prolactin was
injected 4-8 hours after corticosterone: other patterns of treatment were ineffec-
tive. In contrast in white-throated sparrows the same treatment pattern inhibited
testicular growth while an injection of prolactin given 12 hours after corticos-
terane stimulated testicular growth. These experiments emphasise the complexity
of the interactions between prolactin and other hormones and indicate that
experiments which report no effect of prolactin must be interpreted very cautiously.
(Meier, Martin, MacGregor, 1971.)

Prolactin and the adrenal

The adrenal glands in humans treated with high doses of steroids become resistant to
the action of ACTH and exogenous ACTH fails to increase steroid secretion. In one
such patients are treated with prolactin, the ability of the adrenal to secrete steroid
hormones in response to ACTH was restored, as indicated by urinary excretion of
17 ketogenic steroids. Thus in the adrenal as well prolactin may be involved in the
maintenance of a precursor pool. Prolactin has been shown to increase testost-

erone secretion by guinea pig and human adrenal tissue in vitro, especially from the
zona reticularis. (Ingvarsson, 1969b: Boyns, Cole, Golder, Danutra, Harper,
Brownsey, Cowley, Jones, Griffiths, 1972.)
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Prolactin and growth

Because of its relationship to growth hormone there has naturally been interest

in the actions of prolactin on growth. In reptiles, birds and amphibians prolactin
can certainly increase body size. In young hypophysectomised rats prolactin
caused significant increase both in total body weight and in the width of the
tibial cartilage. Inhibition of prolactin secretion by CB 154 in young rats greatly
reduced normal weight gain. It failed, however, to allow normal compensatory
hypertrophy to occur after unilateral nephrectomy while growth hormone
injections did allow the hypertrophic response. In rats with mammotrophic
tumors which secrete prolactin, growth hormone and ACTH, adipose tissue
atrophied while all other tissues increased in size. However the situation is so
complex that it is impossible to say whether any of the effect is due to prolactin.
Prolactin may stimulate growth in man provided that diet is adequate. (Astarabadi,
1963: Boyns, Cole, Golder, Danutra, Harper, Brownsey, Cowley, Jones, Griffiths,
1972: McGarry, Beck, 1972: Milkovic, Garrison, Bates, 1964: Nicoll, Bern, 1972:
Thompson, Crean, 1963.)

Prolactin and carbohydrate metabolism

Almost twenty years ago Houssay and co-workers tested the diabetogenic effects
of growth hormone, prolactin and ACTH in hypophysectomised dogs and cats
which were also partially pancreatectomized to increase their sensitivity to
possible diabetogenic agents. All three hormones caused hyperglycemia,
glycosuria, polyuria, polydipsia, polyphagia and ketonuria. Growth hormone was
the most potent and ACTH the least, with prolactin in the middle. (Houssay,
Anderson, Bates, Li, 1955: Houssay, Penhos, 1966.)

In intact dogs, sheep and normal and juvenile diabetic humans prolactin given
in moderate doses or for a short period only had no effect on fasting blood
glucose concentration. In large doses (1000 IU) in children it produced a
slight elevation of blood glucose, as it did in dogs treated for several days with the
hormone. In hypophysectomised juvenile-type diabetics it caused a clear elevation
of blood glucose concentration. (Elsair, Denine, 1970: McGarry, Beck, 1962: 1972:
Manns, Boda, 1965: Rathgeb, Winkler, Steel, Altszuler, 1971.)

In humans treated with prolactin, for the most part hypopituitary dwarfs,
prolactin reduced glucose tolerance. Prolactin treatment in dogs allowed the

animals to recover from insulin hy pogly cemia slightly more rapidly than usual:
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unlike the situation in growth hormone treated animals there was no obvious
insulin-resistance. Patients with galactorrhea and very high plasma insulin levels
may have normal glucose tolerance tests. (Frantz, Kleinberg, Noel, 1972b:
McGarry, Beck, 1972: Noel, Suh, Stone, Frantz, 1972: Rathgeb, Winkler, Steele,
Altszuler, 1971))

In dogs, although prolactin had little effect on plasma glucose concentrations
it did cause a marked increase in the glucose release by the liver and uptake by
other tissues. The two effects approximately cancel out. In mice doses of prolactin
below 100 ug caused a reduction in liver glycogen stores while higher doses elevated
liver glycogen stores. All doses lowered blood glucose levels, the higher the dose the
more dramatic the effect. This may suggest a biphasic effect of prolactin on the
liver but a monophasic stimulation of glucose uptake by the tissues. (Elghamry,
Said, Elmougy, 1966: Elghamry, Grunert, 1969: Rathgeb, Winkler, Steele,
Altszuler, 1971.)

Again it is very clear that the effect of prolactin depends very much on the
hormonal environment in the individual into whom it is injected.

Prolactin and lipid metabolism

In fasting children and in sheep, prolactin elevates plasma NEFA levels. It has
little effect in juvenile type diabetics before hypophysectomy, but afterwards
produces a clear elevation. (Elsair, Denine, 1970: McGarry, Beck, 1972: Manns,
Boda, 1965.)

In adipose tissue from mature rats, prolactin stimulates glucose uptake and
protein synthesis but increases lipolysis with release of NEFA. In adipose tissue
taken from young rats in contrast, NEFA uptake may be stimulated. In rats with
carrying ACTH and prolactin-secreting tumors, protein and lipid synthesis may
both be depressed in adipose tissue but elevated in the liver. In hypophysectomised
rats conversion of glucose to fatty acids is defective: thyroxine, prolactin and
growth hormone may have synergistic effects in repairing the defect. In pregnant
and lactating animals liver RNA and DNA synthesis is stimulated. Finally,in a
fish, a lizard and a pigean it has been shown that prolactin injected 6 hours after
adrenal steroids causes fat depletion while after a 24 hour delay prolactin causes
fat accumulation. (Hamid, Rubenstein, Ferguson, Beck, 1965: Kovaleva, Ryshka,
Dilman, 1972: Leake, Mayne, Barry, 1968: MacLeod, Bass, Hwang, Smith, 1968:
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Meier, Trobec, Joseph, John, 1971: Moore, Ball, 1962: Nejad, Chaikoff, Hill,
1962.)

Conclusions

It is clear that a vast amount of work needs to be done on the biochemical effects
of prolactin. It is also clear that good experiments will not be easy to design since

a recurring theme seems to be that prolactin has little effect by itself but modulates
the actions of other hormones, often by controlling percursor pools. The levels of
many other hormones and the temporal relationships of hormone treatments will
need to be carefully considered.
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Chapter 5

EFFECTS OF METABOLIC AND
ENVIRONMENTAL STIMULI ON
PROLACTIN SECRETION

The most extensive experience of plasma prolactin estimations has been obtained
by Friesen’s laboratory. In their original publications on “normal” prolactin levels,
hospitalised patients with no disease obviously associated with an abnormality of
prolactin secretion were used as controls. The mean plasma level was 10 ng/ml in
adult males, 10 ng/ml in adult females in the follicular phase of the menstrual
cycle and 11 ng/ml in the luteal phase. In children the mean level was 11 ng/ml.
However it is now known that a number of situations, including hospitalisation
itself, may elevate prolactin levels and in a new series of samples taken from normal
healthy volunteers, the mean in adult males was 5.0 ng/ml (range 0-28), in adult
females 8.1 ng/ml (range 0-28) and in children 10.8 ng/ml (range 7-17). Levels

in females in various phases of reproductive life will be discussed later.

24 hour secretion pattern

In rats the activity of the Golgi apparatus in the manufacture of prolactin

secretory granules seems to be at a peak about mid-day. Pituitary prolactin content
reaches a peak at about 4.00 p.m. Plasma levels appear highest in the evening.
During pregnancy and pseudopregnancy the evening surge seems to occur

somewhat earlier and there is an additional peak in the late night-very early morning
period. In lactating cattle there tends to be a peak in the late afternoon with low
levels in the early morning. (Butcher, Fugo, Collins, 1972: Clark, Baker, 1964:
Dunn, Arimura, Scheving, 1972: Freeman, Neill, 1972: Gomez, Dumm, Echave
Lanos, 1970: Koprowski, 1972: Schams, Bohms, Karg, 1971.)

In human studies plasma levels are lowest in the afternoon. They begin to
rise clearly 60-90 minutes after going to sleep, and increase in a series of peaks
and troughs to maximal levels between 05.00 and 07.00 hours, just before
waking. They fall rapidly in the first hour after waking. There is no clear
sex difference. Growth hormone levels in contrast rise rapidly at the onset of
sleep but after 2—4 hours fall to low levels. There is no consistent relation-
ship between release of prolactin and growth hormone. (Nokin, Vekemans,
L’Hermite, Robyn, 1972: Sassin, Frantz, Weitzman, Kapen, 1972)
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Effects of feeding and fasting

In cattle and goats feeding caused an elevation of prolactin plasma levels with in
cattle a peak about six hours after the meal. Fasting for 24 or 48 hours caused
prolactin concentrations to fall to very low levels. The changes were roughly in
phase with, but much more pronounced than, changes in blood glucose level.

In humans no obvious effect of feeding on prolactin levels was noted. (Joke, 1970:
McAtee, Trenkle, 1971: Sassin, Frantz, Weitzman, Kapen, 1972: Schams, Karg,
1970.)

It is possible that the long term effect of starvation and malnutrition in humans
and animals may be an elevation of prolactin levels. Starvation in rats elevates
prolactin synthesis and release. Widespread gynecomastia and occasional galactor-
rhea were reported to occur in starved prisoners of war during the refeeding period
and one case has been reported of a malnourished patient with elevated prolactin
levels. Obviously much more work is needed in this area. (Akikusa, 1971: Hibbs,
1947: Jacobs, 1948: Turkington, 1972c.)

Effects of glucose and insulin

There is no agreement as to the effects of glucose tolerance tests on plasma
prolactin levels. Friesen et al reported no obvious effect. Forsyth et al reported
that in patients with galactorrhea, oral glucose had no effect on prolactin levels
in patients with pituitary tumours but suppressed them in four patients with a
normal pituitary fossa. Bryant and Greenwood reported no change of prolactin
in two subjects, a sharp fall in one, and a sharp rise in a fourth who, however,
showed obvious signs of stress. Glucose infusions in fasting cattle with very low
plasma prolactin did not elevate prolactin levels but infusions in goats did.
(Bryant, Greenwood, 1972: Bryant, Linzell, Greenwood, 1970: Forsyth, Besser,
Edwards, Francis, Myres, 1971 : Friesen, Belanger, Guyda, Hwang, 1972: McAtee,
Trenkle, 1971.)

There was equal uncertainty about the response to insulin until Wilson et al
demonstrated that a consistent elevation of plasma prolactin occurred after
insulin injection, but only if blood glucose levels fell below 15-20 mg/100 ml.
Levels higher than this failed to stimulate prolactin secretion consistently.
(Frantz, Kleinberg, Noel, 1972: Friesen, L’Hermite, Delavoye, Nokin, Vekemans,
Robyn, 1972: Noel, Suh, Frantz, 1971: Wilson, Percy-Robb, Singhal, Forrest,
Cole, Boyns, Griffiths, 1972.)
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Effects of amino acids

Intravenous arginine infusions (0.5 g/kg) produced striking elevations of plasma
prolactin levels in cows and sheep over a period of a few minutes. Arginine, leucine
and phenylalanine given by intra-carotid infusion all elevated plasma prolactin
levels in sheep. In most humans intravenous arginine produced some elevation of
plasma prolactin but only in a small proportion of individuals was a very clear cut
response seen. During the first thirty weeks of pregnancy arginine had no consis-
tent effect on plasma prolactin levels, but in the last ten weeks it tended to
produce consistent prolactin elevation at a time when the response of growth
hormone was blunted. (Davis, 1972: Friesen, Webster, Hwang, Guyda, Munro,
Read, 1972: McAtee, Trenkle, 1971, Tyson, Hwang, Guyda, Friesen, 1972.)

Effects of stressful stimuli

Nicoll et at first suggested that a wide variety of non-specific stresses might
initiate prolactin secretion. In estrogen primed rats they demonstrated that
animals exposed to abnormal cold, light or heat, those which were starved or
restrained and those injected subcutaneously with formaldehyde all showed
evidence of lactation. Specific plasma assays have now confirmed that in

the experience of most but not all workers, bleeding, restraint and starvation
in rats cause elevation of prolactin levels. (Akikusa, 1971: Dunn, Arimura,
Scheving, 1972: Grosvenor, 1965: Grosvenor, McCann, Nallar, 1965: Meites,
1972: Nagy, Kurcz, Kiss, Baranyai, Mosonyi, Halmy, 1970: Nicoll, Talwalker.
Meites, 1960: Neill, 1970, 1972.)

Similar results have been obtained in sheep and cattle. Venepuncture,
restraint, water deprivation and separation from companion animals have all
been reported to stimulate prolactin secretion. (Bryant, Linzell, Greenwood, 1970:
Davis, 1972: Joke, 1970: Raud, Kiddy, Odell, 1971.)

Results in humans confirm this general picture. Patients admitted to hospital
and especially surgical patients before operation have elevated prolactin levels.
Minor medical investigations such as gastroscopy and even proctoscopy stimulated
prolactin secretion. Sudden exercise (running up stairs) approximately doubled
prolactin levels. (Frantz, Kleinberg, Noel, 1972: Noel, Suh, Frantz, 1971: Noel,
Suh, Stone, Frantz, 1972))
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Effects of anesthesia and surgery

In rats ether anesthesia and laparotomy produced a rapid elevation of plasma
prolactin level within two minutes of induction. Levels reached were two-three
times above the baseline. Intraperitoneal phenobarbital also clearly elevated
prolactin secretion while control injections had only minimal effects: this rise in
prolactin secretion was associated with depletion of hypothalamic PIF. The rise
was followed by a prolonged depression and it was observed thaf sodium pen-
tobarbital added to pituitary culture in vitro could block prolactin release directly.
Nembutal could prevent stress induced elevations of prolactin secretion and also
the elevation which occurs at proestrus. (Ajika, Kalra, Fawcett, Krulich, McCann,
1972: Blake, Sawyer, 1972: Kalra, Ajika, Krulich, Fawcett, Quijada, McCann,
1971: Neill, 1970: Terkel, Blake, Sawyer, 1972: Wakabayashi, Arimura, Schally,
1971: Wuttke, Gelato, Meites, 1971: Wuttke, Meites, 1970: Yokoyama, 1971.)

Similar results have been obtained in humans. Surgery and anesthesia produced
sharp 5-10 fold elevations of plasma prolactin levels at the beginning of the
operation. Levels then tended to decline in spite of continuation of the operation.
(Frantz, Kleinberg, Noel, 1972: Friesen, Hwang, Guyda, Tolis, Tyson, Myers,
1972: Noel, Suh, Stone, Frantz, 1972.)
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Chapter 6

CONTROL OF PROLACTIN SECRETION

It is now firmly established that unlike most of the other pituitary hormones, but
like MSH, the predominant influence of the hypothalamus on prolactin secretion
is inhibitory. A prolactin inhibiting factor (PIF) is chronically released into the
pituitary portal vessels. The main lines of evidence for this well established
conclusion are as follows:

1. Trapsplantation of the pituitary to another site, normally the renal capsule,
leads to an elevation and not a depression of prolactin secretion. (Chen, Amenomori,
Lu, Voogt, Meites, 1970: Everett, 1954: Welsch, Negro-Vilar, Meites, 1968.)

2. When anterior pituitaries are cultured in vitro, prolactin secretion is main-
tained for many weeks while secretion of other hormones declines rapidly in
the first few days. (Pasteels, Brauman, 1963.)

3. Lesions in the median eminence region which depress secretion of other
pituitary hormones elevate prolactin secretion. (De Voe, Ramirez, McCann,
1966: Kanematsu, Hilliard, Sawyer, 1963: Meites, 1972a.)

4. Section of the pituitary stalk in rats, rabbits, guinea pigs and humans has

led to elevated prolactin secretion. Negative results obtained in guinea pigs and
sheep may have been due to infarction of the pituitary following the operation or
to regrowth of pituitary portal vessels. (Aron, Marescaux, 1962: Bryant, Green-
wood, Kann, Martinet, Denamur, 1971: Donovan, van der Werff ten Bosch, 1957:
Ehni, Eckles, 1959: Illingworth, Perry, 1971: Nikitovitch-Winer, 1965: Turkington,
Underwood, Van Wyck, 1971.)

Prolactin inhibiting factor

PIF has not been isolated in chemically pure form. However extracts of the
hypothalamus from rats, sheep, cattle, pigs and humans have been shown to
inhibit prolactin release from pituitaries maintained in vitro. A semi-quantitative
assay technique based on this principle is available. Other assays have been based

25



Control of Prolactin Secretion

on the effect of injection of hypothalamic extracts on restoring pituitary prolactin
content in animals whose pituitary prolactin has been depleted by drugs, or in
preventing a stress or suckling-induced fall in pituitary prolactin. It is known that
PIF is not identical with LH-RF (Arimura, Saito, Muller, Bowers, Sawano, Schally,
1967: Danon, Dikstein, Sulman, 1970: Debeljuk, Arimura, Schally, 1972:
Grosvenor, McCann, Nallar, 1965: Grosvenor, Mena, Maiweg, Dhariwal, McCann,
1970: Kragt, Meites, 1967: Meites, Clemens, 1972: Pasteels, 1961: Schally,
Kuroshima, Ishida, 1965.)

In very elegant experiments Kamberi, Mical and Porter have succeeded in can-
nulating the pituitary stalk vessels in rats. They have bee:n able to demonstrate
(PIF activity) in stalk plasma and have also shown that prolactin release may be
depressed by infusion of hypothalamic extracts into the stalk vessels. (Kamberi,
Mical, Porter, 1970, 1971a, 19710, 1971¢, 1971d.)

Stimuli which can alter hypothalamic PIF content have been extensively
studied, notably by Meites and co-workers. Hypothalamic levels of PIF seem to
be depleted by three main groups of factors:

1. Environmental stimuli such as suckling, surgery and other forms of stress.

2. Naturally occurring hormones including estrogens, testosterone, progesterone
and cortisol.

3. Synthetic hormones and drugs including norethynodrel-mestranol combin-
ations, reserpine, phenothiazines, haloperidol and sodium pentobarbital. (Ajika,
Krulich, Fawcett, McCann, 1972: Clemens, Meites, 1972: Danon, Sulman, 1970:
Dickerman, Clark, Dickerman, Meites, 1972: Meites, 1972a: Minaguchi, Meites,
1967a, 1967b: Ratner, Meites, 1964: Ratner, Talwalker, Meites, 1965: Sar, Meites,
1968: Wuttke, Gelato, Meites, 1971.)

A more limited group of agents can elevate hypothalamic PIF content. The
most notable naturally occurring one is perhaps prolactin itself. The ergot group
of drugs, L-dopa and the monoamine oxidase inhibitors iproniazid and pargyline
also elevate PIF. Systemic injection of dopamine into rats causes appearance of
PIF in the systemic circulation while injection of dopamine into the third
ventricle has been shown to increase the amount of PIF released into the
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pituitary portal vessels. (Chen, Minaguchi, Meites, 1967: Kamberi, Mical, Porter,
1970: Lu, Meites, 1971, 1972: Meites, Clemens, 1972: Voogt, Meites, 1971:
Wuttke, Cassell, Meites, 1971.)

Prolactin releasing factor (PRF)

There have been persistent reports that some hypothalamic extracts contain a PRF.
One of the first hypothalamic extracts tested initiated lactation in rats although
this could have been a non-specific effect. However a mammotropic action of
hypothalamic extract was again reported in 1968. When anterior pituitaries from
male animals were incubated with median eminence extracts made from normal
female rats, prolactin secretion was inhibited during the first four hours of
incubation and stimulated during the next eight. If the female rats had been
pretreated with either reserpine or estrogen which might be expected to deplete
hypothalamic PIF, the inhibitory phase was absent and the median eminence
extracts caused only stimulation of the prolactin secretion. In female rats

primed with estradiol and progesterone a porcine hypothalamic extract has been
reported to elevate plasma prolactin levels within ten minutes of injection. The
hypothalamic releasing factor seemed distinct from vasopressin, TRH or LH-RF.

In lactating rats hypothalamic extracts containiag PIF failed to prevent prolactin
secretion in response to suckling. (Amenomori, Meites, 1970: Fiorindo, Nicoll, 1969:
Meites, Talwalker, Nicoll, 1960: Mishkinsky, Kazhen, Sulman, 1068: Valverde,
Chieffo, Reichlin, 1972.)

Prolactin and TSH-releasing factor (TRF or TRH)

In 1971, Tashjian et al reported that TRH could stimulate prolactin secretion from
rat pituitary cells in culture. Gourdji et al observed ultrastructural changes in such
cells compatible with secretory activity. No effect of TRH on prolactin release
from rat and bovine pituitary tissue (as distinct from cells) could be observed by
Convey or by Lu et al although La Bella and Vivian reported a weak effect of
TRH on prolactin release by bovine pituitary tissue. (Convey, 1972: Gourdji,
Kerdelhue, Tixier-Vidal, 1972: La Bella, Vivian, 1971: Lu, Shaar, Kartright,
Meites, 1972: Meites, Clemens, 1972.)

In rats thyroxine treatment elevated pituitary prolactin content without affect-
ing hypothalamic PIF. TRH injections in rats had no immediate effect on pituitary
or serum prolactin but when they were continued for six days there were small
rises both in pituitary and serum prolactin levels. These rises did not occur in
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thyroidectomized-parathyroidectomized rats suggesting that they may have been
mediated via TSH and thyroid hormones. (Chen, Meites, 1969: Lu, Shaar, Kartright,
Meites, 1972: Meites, Clemens, 1972.)

The situation in humans is quite different. Several groups have shown that
intravenous doses of as little as 10 ug of synthetic TRH cause elevation of both
TSH and prolactin plasma levels within a matter of minutes. Both responses are
more pronounced in normal women than in normal men, both are enhanced in
hypothyroid patients and both are reduced in hyperthyroid patients. Small
amounts of triiodothyronine given to normal individuals suppressed the TSH but
not the prolactin response to TRH. Repetition of TRH treatment at 3-hourly
intervals in normal individuals tended to lead to a dimimution in the size of the
response. Most normal individuals given an adequate dose of TRH elevated prolactin
levels 5-12 times within 15-30 minutes. Plasma levels returned to baseline after
about three hours. As calculated from plasma levels, the amount of prolactin
secreted during the response could probably not have been present in a preformed
state within the pituitary suggesting that synthesis as well as release of prolactin
was stimulated. (Bowers, Friesen, Folkers, 1972: Bowers, Friesen, Hwang, Guyda,
Folkers, 1971: Foley, Jacobs, Hoffman, Daughaday, Blizzard, 1972: Friesen,
Guyda, Hwang, Tyson, Barbeau, 1972: Jacobs, Snyder, Wilber, Utiger, Daughaday,
1971: Kaplan, Grumbach, Friesen, 1972: L’Hermite, Copinschi, Golstein,
Vanhaelst, Leclercq, Bruno, 1972: Sachson, Rosen, Cuatrecasas, 1972.)

The mechanism of the response in man is uncertain but its rapidity suggests
that the TRH may be directly acting on prolactin-secreting cells. This is supported
by the finding that the diurnal rhythm of TSH secretion is very similar to that of
prolactin secretion. Chilorpromazine and probably many of the other drugs which
release prolactin do not appear to act via TRH since they do not elevate TSH
levels. In chiorpromazine treated individuals with elevated plasma prolactin
concentrations TRH produced an even further elevation of prolactin. L-dopa
produced subnormal responses of both TSH and prolactin to TRH while estrogen
treatment penetrated both responses. (Bowers, Friesen, Folkers, 1972: Patel,
Baker, Alford, Johns, Burger, 1972: Vanhaelst, Van Cauter, De Gaute, Golstein,
1972)

Brain amines and prolactin

In rats systemic injection of a wide variety of amines and other substances thought
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to be involved in neural transmission including adrenaline, noradrenaline, acetyl
choline and serotonin can elevate prolactin secretion but since most of these drugs
penetrate the blood brain barrier only with difficulty it is now thought that the
release of prolactin is merely a stress effect. (Clemens, Meites, 1972: Mittler,
Meites, 1967.)

In vitro experiments with anterior pituitaries have shown that moderate con-
centrations of catecholamines in the medium stimulate prolactin release while
higher concentrations inhibit it. The physiological significance of these findings is
uncertain since it is unlikely that the catecholamines enter the pituitary portal
vessels in any significant quantities. (Birge, Jacobs, Hammer, Daughaday, 1970:
Clemens, Meites, 1972: Gala, Reece, 1965: Koch, Lu, Meites, 1970: Macleod,
1969: MacLeod, Fontham, Lehmeyer, 1970: MacLeod, Lehmeyer, 1972.)

Possibly more significant results have emerged from experiments using
drugs which are known to interfere with cerebral amine inactivation or to
interfere in one way or another with amine synthesis or amine action at receptor
sites. The results will be described species by species, starting with the rat. In this
animal monoamine oxidase and catechol-O-methyl transferase inhibitors which
interfere with normal amine inactivation both depress serum prolactin levels
while at the same time elevate hypothalamic PIF content. In contrast, all the
drugs which in some way interfere with amine function including reserpine, chlor
promazine, fluphenazine, perphenazine, amphetamine, guanethidine, a-methyldopa,
a-methyl-p-tyrosine and e-methyl-m-tyrosine all increase plasma prolactin levels
and reduce hypothalamic PIF content. (Arai, Suzuki, 1971: Arimura, Dunn,
Schally, 1972: Ben-David, Danon, Benveniste, Weller, Sulman, 1971: Ben-David,
Danon, Sulman, 1970: Fiorindo, Nicoll, 1969: Lu, Amenomori, Chen, Meites,
1970: Lu, Meites, 1971: Meites, 1972a: Meites, Clemens, 1972: Meites, Lu,
Wuttke, Welsch, Nagasawa, Quadri, 1972: Ratner, Talwalker, Meites, 1965:
Sulman, Winnik, 1956: Superstine, Sulman, 1966: Van der Gugten, Boot, Kwa,
1970: Van Maanen, Smelik, 1968: Yoshida, 1964.)

Injections of L-dopa, the dopamine precursor, in rats inhibited prolactin
secretion and elevated hypothalamic PIF content. Dopamine injected into the
third ventricle reduced prolactin and elevated LH and FSH secretion while
physiological doses of noradrenaline and adrenaline administered by the same
route had no effect. Neither dopamine nor noradrenaline nor adrenaline had any
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effect when infused directly into the anterior pituitary suggesting that the effect of
dopamine is mediated by PIF. (Kamberi, Mical, Porter, 1970, 1971a, 1971b, 1971c,
1971d: Lu, Meites, 1971: Meites, 1972.)

The evidence in the preceding paragraph suggests that dopamine rather than
adrenaline or noradrenaline may be the amine which regulates hypothalamic PIF
secretion. There are two other pieces of evidence pointing to the same conclusion.
Pimozide appears able to block dopamine receptors without, interfering with
noradrenaline receptors significantly. Injection of pimozide into rats produced

a marked elevation of prolactin secretion. In contrast disulfiram, which has a
preferential action in interfering with noradrenaline action, caused a fall in
prolactin levels as compared with controls, raising the possibility that noradrenaline
may normally stimulate prolactin release. Selective blockade of noradrenaline
biosynthesis with diethyldithiocaramate (DDC) did not alter prolactin levels

and did not prevent the fall in prolactin secretion seen with L-dopa, suggesting that
the L-dopa effect is not mediated by noradrenaline but by dopamine. However

in animals given a-methyl-tyrosine to block catecholamine biosynthesis prolactin
levels are high: a further elevation can be brought about by treatment with dihy-
droxyphenyl serine which normalises noradrenaline synthesis only. The tentative
conclusion is therefore that dopamine is the regulator of hypothalamic PIF
secretion but that noradrenaline may stimulate prolactin secretion via another
pathway, possibly PRF/TRH. (Donoso, Bishop, Fawcett, Krulich, McCann, 1971:
Meites, Clemens, 1972.)

Serotonin and melatonin injected into the third ventricle in rats stimulate
prolactin and inhibit FSH secretion. Direct infusion into the pituitary has no
effect suggesting that the action is mediated by releasing factors. Hypothalamic
serotonin levels in rats show a diurnal rhythm with higher levels in the evening
than the morning: serum prolactin levels are also higher in the evening than in
the morning. Systemic injections of the serotonin precursors tryptophan and
5-hydroxytryptophan both elevate serum prolactin levels significantly. {Kamberi,
Mical, Porter, 1971: Lu, Meites, 1971: Meites, Clemens, 1972.)

Other experimental animals have been investigated much less extensively than
the rat. Phenothiazines in sheep and reserpine in rabbits have both been shown to
elevate prolactin secretion. (Bryant, Connan, Greenwood, 1968: Kanematsu,
Hilliard, Sawyer, 1963: McNeilly, Lamming, 1971.)
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In humans results have broadly paralleled findings in the rat. Reserpine,
methyldopa, amphetamine and the phenothiazines all elevate prolactin secretion
while L-dopa and monoamine oxidase inhibitors suppress prolactin secretion.

The tricyclic antidepressants which have been reported to facilitate the actions

of noradrenaline and adrenaline stimulate prolactin secretion. All the drugs
seemed to change prolactin levels within an hour or less of taking an oral dose.

On stopping phenothiazine treatment plasma levels may not return to normal for
two to three weeks. (Apostolakis, 1968: Apostolakis, Kapetanakis, Lazos, Madena-
Pyrgaki, 1972: Fluckiger, 1972 Franjz, Kleinberg, Noel, 1972b: Friesen, Guyda,
Hwang, Tyson, Barbeau, 1972: Friesen, Hwang, Guyda, Tolis, Tyson, Myers, 1972:
Jacobs, Bauman, Daughaday, 1971: Kleinberg, Noel, Frantz, 1971: Malarkey,
Jacobs, Daughaday, 1971: Turkington, 1971¢: Turkington, 1972e: Turkington,
Ray, Costin, 1972.)

Other drugs and prolactin

Of all the other drugs which may alter prolactin secretion the most potent seem
to be the ergot derivatives and in particular 2-bromo-a-ergokryptine (CB 154).
Again most studies have been on rats. The main action of the ergot derivatives
seems to be a blocking of release of the hormone. The effect seems to be a direct
one on the pituitary cells since it occurs irrespective of whether the gland under
study is in its normal position, is transplanted to another site such as beneath

the renal capsule or is maintained in tissue culture. After brief periods of treatment
the secreting cells become loaded with secretory granules and the prolactin
content of the gland rises, suggesting an initial effect on release rather than synthe-
sis. Later however, the secretory granules are destroyed by lysosomal activity and
synthesis as well seems to be reduced. The effect on prolactin is probably not
exclusively due to a direct action on the cells since hypothalamic PIF content
may also be elevated by the drugs: it is conceivable, however, that this could be
some form of short feedback response to accumulation of prolactin in the gland.
Growth hormone secretion does not appear to be altered. (Arai, Suzuki, Masuda,
1972: Arimura, Dunn, Schally, 1972: Ectors, Danguy, Pasteels, 1972: Fluckiger,
1972: Fluckiger, Lutterbeck, Wagner, Billeter, 1972: Fluckiger, Wagner, 1968:
Kraicer, Strauss, 1970: Lu, Koch, Meites, 1971: Malven, Hoge, 1971: Nicoll,
Yaron, Nutt, Daniels, 1971: Pasteels, 1972: Pasteels, Danguy, Frerotte, Ectors,
1971: Pasteels, Ectors, 1970: Richardson, 1973: Shaar, Clemens, 1972:
Shelesnyak, 1954, 1958: Welsch, Squires, Cassell, Chen, Meites, 1971: Wuttke,
Cassell, Meites, 1971: Yokoyama, Tomogane, Ota, 1972.)
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CB 154 also seems to be effective in suppressing prolactin secretion in sheep,
cattle and humans. In humans it has been used clinically for the suppression of
both puerperal and non-puerperal lactation. (Besser, Parke, Edwards, Forsyth,
McNeilly, 1972: Del Pozo, Brun Del Re, Varga, Friesen, 1972: Niswender, 1972:
Schams, Reinhardt, Karg, 1972: Varga, Lutterbeck, Pryor, Wenner, Erb, 1972.)

A wide variety of other drugs has been shown to alter prolactin secretion. Drugs
which stimulate secretion include antihistamines, thalidomide, haloperidol,
sulpiride, chlordiazepoxide and diazepam. Paraoxon, the organophosphorus choline-
sterase inhibitor, gold thioglucose and bipiperydyl mustard elevated pituitary
prolactin content but plasma levels were not measured. An ergot derivative, l-methyl-
9,10-dihydro-ergonorcorine appears to be a powerful stimulator of secretion. Drugs
which seem to inhibit prolactin secretion include clonidine, frusemide, LSD and
piperidendione derivatives. (Cehovic, Dettbarn, Welsch, 1972: Dickerman, Clark,
Dickerman, Meites, 1972: Fluckiger, 1972: Gachev, 1968: L’Hermite, Delvoye,
Nokin, Vekemans, Robyn, 1972: Locker, Superstine, Sulman, 1971: Quadri,
Meites, 1971: Sinha, Van der Laan. 1971: Sulman, 1970: Superstine, Sulman,
1966: Van der Gugten, 1971.)

Hormones and prolactin secretion

In ovariectomised rats prolactin secretion falls to very low levels. In both intact

and ovariectomised rats estrogen injections stimulate the secretion of prolactin. The
surge of prolactin secretion at proestrus in rats seems to be dependent on estrogens
since it can be prevented by the administration of estradiol antiserum on the day
before proestrus. (Ajika, Krulich, Fawcett, McCann, 1972: Bishop, Kalra, Fawcett,
Krulich, McCann, 1972: Chen, Meites, 1970: Freeman, Reichert, Neill, 1972:
MacLeod, Abad, Edison, 1969: MacLeod, Lehmeyer, 1972: Meites, 1972a: Meites,
Clemens, 1972: Meites, Lu, Wuttke, Welsch, Nagasawa, Quadri, 1972: Neill, Freeman,
Tillson, 1971: Ratner, Talwalker, Meites, 1963: Shani, Givant, Sulman, Eylath,
Eckstein, 1971: Swearingen, Nicoll, 1972.)

Estrogens seem to have a dual action in stimulating prolactin secretion. They
have been reported to deplete hypothalamic PIF content and median eminence
lesions have been reported to prevent prolactin secretion in response to systemic-
ally injected estrogen. However estrogen-stimulated prolactin secretion by
pituitaries transplanted to the renal capsule and minute implants of estradiol in
either the hypothalamus or the anterior pituitary stimulate prolactin secretion.
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Hypothalamic extracts from estrogen-treated animals do not inhibit prolactin
secretion from pituitary glands in culture suggesting that their PIF has been
depleted. Interestingly estradiol and phenothiazines seem to compete for the

same hypothalamic receptor sites. Kanematsu and Sawyer on the basis of the
differential effects of hypothalamic and pituitary estrogen implants have suggested
that the indirect action operating via the hypothalamus is to stimulate synthesis

and storage of prolactin while the direct action is to stimulate release. Estrogens
added to cultured or incubated pituitary glands in vitro consistently caused
prolactin release into the raedium. A sex difference has been reported in the
response to systemic estrogen treatment. Females ovariectomised when adult

and neonatally castrated males respond to estrogen injections by a surge of prolactin
secretion. Females treated neonatally with androgen or males castrated when adult
have higher baseline levels of prolactin, but do not respond to estrogen injections
with a surge of prolactin release. (Ajika, Krulich, Fawcett, McCann, 1972} Ben-David,
Dikstein, Sulman, 1964: 1965: Bishop, Kalra, Fawcett, Krulich, McCann, 1972:
Chen, Amenomori, Lu, Voogt, Meites, 1970: Chen, Meites, 1970: Fiorindo, Nicoll,
1969: Kanematsu, Sawyer, 1963: Meites, 1972a: Meites, Clemens, 1972: Neill,
1972: Nicoll, Meites, 1962, 1964: Ramirez, McCann, 1964: Ratner, Meites,

1964: Shani, Givant, Sulman, Eylath, Eckstein, 1971.)

In sheep estradiol injections elevated both LH and prolactin release. However,
estradiol infusions appeared to depress the release of prolactin while the infusion
was continuiing: on stopping the infusion there was a surge of prolactin secretion.
(Fell, Beck, Brown, Catt, Cumming, Goding, 1972: Fell, Beck, Brown, Cumming,
Goding, 1972: Schams, Karg, 1972.)

In humans, estrogen given to males for prostatic cancer caused elevations of
prolactin levels in some but not all patients. Estrogens given to females 12 hours
post partum had no effect on prolactin secretion. In volunteer normal males,
diethylstilbestrol produced a small elevation in plasma prolactin in three and a
large one in two. In normal pre-menopausal women estrone elevated prolactin
levels for 48-72 hours after a single injection but in post-menopausal women
estrone and estradiol depressed prolactin levels: ethinyl estradiol in post-menopausal
women with breast cancer elevated prolactin suggesting a possible difference
between natural and synthetic estrogens. (Frantz, Kleinberg, Noel, 1972b:
Friesen, 1972b: L’Hermite, Delvoye, Nokin, Vekemans, Robyn, 1972, L’'Hermite,
Stauric, Robyn, 1972.)
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There is much less information about the action of progesterone on prolactin
secretion. In vitro high doses of progesterone may suppress it but moderate doses
have no effect. When injected into rats low to moderate doses of progesterone
have been reported to have little effect or to cause some lowering of plasma
prolactin levels: they do reduce the prolactin response to estrogen injections.
Progesterone implants in the hypothalamus may cause pseudopregnancy which
could be due to prolactin secretion and high doses of systemically injected
progesterone elevate prolactin secretion. High doses of progesterone (10 mg/day/
rat) also deplete hypothalamic PIF. (Ben-David, Dikstein, Sulman, 1964: Chen.
Meites, 1970: Khazan, Danon, 1962: Nicoll, Meites, 1964: Pasteels, Ectors, 1968:
Pasteels, Gausset, Danguy, Ectors, 1972: Sar, Meites, 1968: Valverde, Chieffo,
Reichtin, 1972))

Testosterone had no effect on prolactin secretion from pituitaries maintained in
vitro. When injected into rats it reduced hypothalamic PIF and elevated pituitary
prolactin content. Testosterone treatment also appeared to make the pituitary
more active in incorporating *H-leucine in vitro. In human females testosterone
treatment produced hypertrophy of prolactin secreting cells. (Ben-David, Dikstein,
Sulman, 1964: MacLeod, Abad, Eidson, 1969: Nicoll, Meites, 1964: Pasteels,
Gausset, Danguy, Ectors, 1972: Roger, 1970: Sar, Meites, 1968.)

Of synthetic hormones, medroxyprogesterone has been reported to suppress
prolactin secretion when injected systemically into rats and to stimulate it when
implanted in the hypothalamus. In humans it had little or no effect in ten women
but caused a clear elevation in two. Clomiphene had no effect on prolactin levels
in sheep. A chlormadinone-ethinylestradiol combination in humans kept prolactin
at follicular phase levels without any clear suppression or stimulation. In rats
the norethynodrel-mestranol (Enovid) combination depleted hypothalamic PIF
content and stimulated prolactin secretion. (Khazan, Danon, 1962: L’Hermite,
Delvoye, Nokin, Vekemans, Robyn, 1972: Minaguchi, Meites, 1967: Pasteels, Ectors,
1968: Welsch, Meites, 1969.)

Among the other hormones, thyroxine and triiodothyronine and very high
concentrations of cortisol have been reported to stimulate prolactin secretion in
vitro. In rats cortisone acetate inhibited the effect of estrogens in stimulating the
corpus luteum and it was thought that it might have inhibited prolactin secreticn.
In rats adrenalectomy caused elevation of basal prolactin levels and greatly pot-
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entiated the response of prolactin to perphenazine stimulation. One case has been
reported of a woman with primary adrenal insufficiency who presented with
amenorrhea and galactorrhea and whose prolactin levels were moderately but
consistently elevated. Cortisone acetate therapy restored prolactin levels to

normal and led to cessation of galactorrhea and resumption of normal menstruation.
(Ben-David, Danon, Benveniste, Weller, Sulman, 1971: Ben-David, Dikstein, Sulman,
1964: Boyns, Cole, Golder, Danutra, Harper, Brownsey, Cowley, Jones, Griffiths,
1972: Johnson, Meites, 1955: Nicoll, Meites, 1964: Refetoff, Block, Ehrlich,
Friesen, 1972: Verheyden, 1964.)

Hypothalamus and prolactin secretion

Most of the work in this area has been done on the rat with a much smaller amount
in the rabbit. In rats lesions in the medial hypothalamus and median eminence
produced a surge of prolactin release and chronically elevated plasma prolactin
levels. Lesions in the posterior hypothalamus produced only a small elevation in
plasma prolactin and amygdaloid lesions had no effect at all. Complete deafferent-
ation of the hypothalamus produced constant diestrus, with serum prolactin levels
typicél of normal diestrus and pituitary prolactin content very low. Anterior deaf-
ferentation only produced constant estrus with very high serum and pituitary
prolactin levels. Estrogen implants in the median eminence increased prolactin
secretion but implants in the pre-optic region or globus pallidus had no effect.
(Arimura, Dunn, Schally, 1972: Bishop, Fawcett, Krulich, McCann, 1972: Blake,
Weiner, Sawyer, 1972: Chen, Amenomori, Lu, Voogt, Meites, 1970: De Voe,
Ramirez, McCann, 1966: Meites, Clemens, 1972: Ramirez, McCann, 1964.)

Insertion of electrodes into the ventro-medial hypothalamus with either sham
or true stimulation reduced serum prolactin levels. Propranolol doubled serum
prolactin concentration and stimulation could not prevent this: phenoxybenz-
amine also elevated prolactin secretion but this rise could be prevented by stimula-
tion. In contrast other workers reported that both median eminence and basal
medial hypothalamic stimulation caused prolactin release. Stimulation of the
basal medial hypothalamus caused secretion of both prolactin and LH while pre-
optic stimulation elevated LH secretion but depressed prolactin stimulation.
(Clemens, Shaar, Kleber, Tandy, 1971: Clemens, Shaar, Tandy, Roush, 1971:
Gala, Janson, Kuo, 1972: Kalra, Ajika, Krulich, Fawcett, Quijada, McCann,
1971.)
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The endocrine environment seems to have both short term and long term
effects on the way in which the hypothalamus regulates prolactin secretion in
rats. While in normal rats or in ovariectomised rats treated with estradiol, median
eminence stimulation could cause prolactin secretion, it failed to do so in
untreated ovariectomised rats. Furthermore male rats castrated at birth and female
rats ovariectomised as adults both responded to estrogen treatment with a very
striking surge of prolactin release on the third day. Males castrated when adult
or females treated with androgens at birth and ovariectomised as adults both failed
to respond in this way: these ““male type” animals however had higher baseline
prolactin levels. In the “female-type” animals the surge could be prevented by a
cut separating the anterior from the medial part of the hypothalamus suggesting
that it depended on some mechanism in the anterior area. (Clemens, Shaar, Tandy,
Roush, 1971: Neill, 1972.)

In the rabbit lesions in the posterior tuberal area initiated lactation but
lesions elsewhere did not. In pseudopregnant rabbits the pathway involved in
the stimulation of prolactin secretion in response to suckling has been traced
by stimulating various parts of the brain and looking for a lactogenic response.
The route seemed to go from the mid-brain to the posterior hypothalamus but a
number of other areas including parts of the frontal cortex, the lateral hypothala-
mus and lateral pre-optic area also had lactogenic effects. Estrogen implants in
the stria terminalis and amygdala also promoted lactation in pseudopregnant
animals. (Cowie, Tindal, 1971: Kanematsu, Hilliard, Sawyer, 1963a, 1963b:
Tindal, Knaggs, 1970: Tindal, Knaggs, 1972: Tindal, Knaggs, Turvey, 1967.)

Prolactin, FSH and LH

In humans, galactorrhea is frequently associated with amenorrhea suggesting the
possibility that when prolactin secretion is elevated, secretion of FSH and LH may
be suppressed. It has been shown in women that spontaneous or drug-induced
elevation of prolactin levels was associated with suppression of FSH and LH and
that suppression of the prolactin secretion with L-dopa led to an elevation of
urinary gonadotrophin excretion and menstruation. In rats, intravenous injection
of crude hypothalamic extracts stimulated secretion of LH and simultaneously
suppressed prolactin secretion in intact male rats. On castration, plasma prolactin
levels initially fell but then later rose to normal: the hypothalamic extracts had no
effect in castrated animals with lowered prolactin levels but suppressed prolactin
in castrated animals with normal prolactin levels. In this study the FSH levels were
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not altered. However in another study infusion of hypothalamic extracts into
pituitary portal vessels of anesthetised rats reduced secretion of prolactin and
elevated secretion of both LH and FSH. In both studies extracts of the cerebral
cortex had no effect on any of the three hormones. (Kamberi, Mical, Porter, 1971:
Sulman, 1970: Sulman, Winnik, 1956: Turkington, 1971¢, 1972c: Watson,
Krulich, McCann, 1971¢.)

The effects of treatment with drugs and hormones point in the same direction.
Melatonin and serotonin injected into the third ventricle in rats suppressed FSH
and stimulated prolactin secretion. Methallibure which tends to suppress FSH and
LH secretion elevated prolactin secretion. Ovariectomy caused elevation of FSH
and LH secretion and suppression of prolactin secretion whereas in spayed
animals estrogen treatment lowered plasma FSH and LH and elevated plasma
prolactin levels: pituitary levels of ail three hormones were elevated indicating
the danger of arguing about plasma levels of a hormone on the basis of gland
content. The norethynodrel-mestranol combination decreased hypothalamic
FSH-RF, LH-RF and PIF content, decreased pituitary FSH and LH content and
elevated pituitary prolactin content. Ovarian histology suggested suppression of
FSH and LH secretion while mammary histology suggested stimulation of prolactin
secretion. Finally, stimulation of the pre-optic area elevated LH and suppressed
prolactin secretion. But in contrast, stimulation of the basal medial hypothalamus
elevated both LH and prolactin secretion suggesting the possibility that in some
natural situations (possibly around the time of ovulation) both LH and prolactin
may be secreted together. (Ajika, Krulich, Fawcett, McCann, 1972: Ben-David,
Danon, Sulman, 1971: Bishop, Kalra, Fawcett, Krulich, McCann, 1972: Clemens,
Shaar, Kleber, Tandy, 1971: Kamberi, Mical, Porter, 1971b: Minaguchi, Meites,
1967.)

Short feedback control of prolactin

Most and probably all the anterior pituitary hormones have a tendency to stabilise
their own secretion rates by short feedback loops whereby increases in secretion
rate act on the hypothalamus to inhibit secretion of releasing factors. Decreases
in secretion rates of the pituitary hormones produce the reverse effect. There is
now good evidence to indicate that prolactin is governed by a similar mechanism
although whether it operates via PIF alone or PIF plus PRF or TRH is not known.
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Minute implants of prolactin in the hypothalamus increased hypothalamic PIF
content, reduced pituitary prolactin content and reduced plasma prolactin levels.
Such implants caused mammary gland regression, interrupted pregnancy and
pseudopregnancy (but only during the first few days) and inhibited lactation.
Similar implants in pre-pubertal rats advanced puberty by about six days, pres-
umably due to stimulation of LH and FSH secretion: elevation of FSH release
was clearly demonstrated. In rats bearing transplanted pituitaries or prolactin-
secreting pituitary tumors, the prolactin content of the in situ pituitary was
reduced. If such pituitaries were removed and incubated in vitro, they released
much less prolactin than pituitaries removed from normal animals. One report
suggested that early pregnancy could be terminated in rats by implantation of
minute amounts of prolactin into the pituitary itself: the termination could be
prevented by exogenous prolactin injections implying the possibility that prolac-
tin might have a direct effect on the pituitary to inhibit its own secretion. Prolac-
tin implants next to renal pituitary grafts also appeared to reduce prolactin
secretion. Effects of prolactin on prolactin secretion in vitro were equivocal.
(Averill, 1969: Chen, Minaguchi, Meites, 1967: Chen, Voogt, Meites, 1968:
Clemens, Meites, 1968: Clemens, Minaguchi, Storey, Voogt, Meites, 1969: Clemens,
Sar, Meites, 1969a, 1969b: MacLeod, Abad, 1968: Mena, Maiweg, Grosvenor,
1968: Spies, Clegg, 1971: Sud, Clemens, Meites, 1971: Voogt, Clemens, Meites,
1969: Voogt, Meites, 1971: Welsch, Negro-Vilar, Meites, 1968.)

The precise mechanism of the feedback remains to be elucidated and it is
possible that part of it is due to a direct action on the pituitary cells. However,
there do appear to be prolactin receptors in the hypothalamus because in the
rabbit it has been shown that intravenous injections of prolactin may increase
the firing rate of some hypothalamic neurons, decrease the firing rate of others
and leave yet others unaffected. Mass recordings of hypothalamic activity point
in the same direction. In normal rats and rats with pituitary tumors which receive
hypothalamic prolactin implants, hypothalamic PIF content may be elevated. The
possibility that dopamine may stimulate PIF secretion in these animals was raised
by the fact that in both normal and castrated male and female rats treatment with
prolactin but not with LH, FSH, ACTH or vasopressin produced a dose dependent
increase in dopamine turnover in nerve terminals in the median eminence. In female
cycling animals dopamine turnover was highest during diestrus when prolactin
levels are low and lowest at proestrus when prolactin levels are high. However
during lactation when prolactin secretion is high, dopamine turnover was also high,
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raising the possibility that at this time PRF is important in stimulating prolactin
secretion and that this can occur in spite of high dopamine and PIF activity. Prolac-
tin implantation in the hypothalamus in pseudopregnant rats appeared to suppress
prolactin secretion yet had no effect on hypothalamic PIF content again indicating
the possibility of an effect via PRF. (Chen, Minaguchi, Meites, 1967: Clemens,
Meites, 1968: Clemens, Gallo, Whitmoyer, Sawyer, 1971: Faure, Friconneau, 1959:
Hillarp, Fuxe, Dahlstrom, 1966: Hokfelt, Fuxe, 1972: Voogt, Meites, 1971.)
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Chapter 7

PROLACTIN IN MALE AND
FEMALE REPRODUCTION

In female rats prolactin levels in plasma remained very low until puberty at which
time a sharp rise may occur beginning the day before vaginal opening. It

is possible that this may be induced by estrogen secretion resulting from the action
of FSH and LH on the ovary since estrogen injections can produce a similar rise

in prepubertal rats. Similar changes were found in male rats with prolactin
secretion paralleling plasma testosterone levels and a sharp elevation just preceding
the rapid growth of seminal vesicles at puberty. In young heifers pituitary prolactin
content paralleled mammary development, rising rapidly in the first three months
and then more slowly until nine months. In humans in contrast, prolactin levels
are higher in children than in adults. Levels are very high in cord blood and in
infant blood in the first day of life, but then rapidly decline. Prolactin can be
detected in the infant’s urine in the first few days of life and it has been suggested
that this prolactin may be the cause of the “witch’s milk” phenomenon when
infants lactate in the first few days of life. (Clemens, Minaguchi, Storey, Voogt,
Meites, 1969: Dowd, Bartke, 1972: Frantz, Kleinberg, Noel, 1972b: Friesen,
Belanger, Guyda, Hwang, 1972: Friesen, Hwang, Guyda, Tolis, Tyson, Myers,
1972: Lyons, 1937: Minaguchi, Clemens, Meites, 1968: Sinha, Tucker, 1969:
Voogt, Chen, Meites, 1970: Yamamoto, Taylor, Cole, 1970.)

Old female rats often show constant vaginal estrus and prolactin measurements
reveal pituitary levels twice as high as those in young estrous rats. Pituitary LH
levels are low but FSH levels are high. Plasma levels of prolactin are at or a
little above plasma levels at estrus in normal young rats. It appears that in old animals
there may be some change in prolactin regulation. No reports have been made of
elevated levels of prolactin in old members of other species. (Clemens, Meites,
1971: Meites, Clemens, 1972.)

Prolactin during the estrous and menstrual cycles

In rats plasma prolactin levels are lowest at diestrus, begin to rise slowly on the
morning of proestrus, show a dramatic rise on the afternoon of proestrus and
then fall again on the day of estrus. They are still slightly elevated at metestrus.
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Pituitary prolactin content is highest on the morning of proestrus and shows a
sharp fall in the afternoon. However at estrus it is still higher than at diestrus.
Hypothalamic PIF content is lowest on the days of proestrus and estrus. Both
synthesis and release of prolactin seem to be elevated at proestrus and estrus.
Hypothalamic extract injection can prevent the proestrus surge as can nembutal
given at 13.30 hours on the day of proestrus. Ovariectomy and antiestradiol
serum given before proestrus both prevent the preoestrus surge. In both cases the
surge occurs if the animals are treated with stilbestrol suggesting that the surge
depends on ovarian estrogen secretion. (Amenomori, Meites, 1970: Bast, Melampy,
1972: Freeman, Reichert, Neill, 1972: Gay, Midgley, Niswender, 1970: Ieiri,
Akikusa, Yamamoto, 1971: Ieiri, Nobunaga, Yamamoto, 1972: Kalra, Ajika,
Krulich, Fawcett, Quijada, McCann, 1971: Meites, Lu, Wuttke, Welsch, Nagasawa,
Quadri, 1972: Neill, 1972a, 1972b: Neill, Freeman, Tillson, 1971: Sar, Meites,
1967: Spies, Niswender, 1971: Yokoyama, 1971: Yokoyama, Tomogane, Ota,
1971.)

In sheep, cattle and goats findings have been similar to those in the rat with
relatively low levels during diestrus and a sharp elevation at the time of proestrus
and estrus with the surge slightly preceding the surge of LH release. (Anderson,
Peters, Melampy, Cox, 1972: Bryant, Greenwood, 1968: Bryant, Linzell,
Greenwood, 1970: Cumming, Brown, Goding, Bryant, Greenwood, 1972: Davis,
Reichart, Niswender, 1971: Kann, 1971: Raud, Kiddy, Odell, 1971: Reeves,
Arimura, 1970: Reeves, Arimura, Schally, 1970: Threlfall, Martin, Dale, Anderson,
Krause, 1972.)

During the human menstrual cycle, older bioassay methods suggested that urinary
and plasma levels of prolactin were substantially higher during the luteal phase
than during the follicular phase with possible elevated levels at the time of ovulation.
The newer radioimmunoassay techniques have as yet failed to show any prolactin
peak at the time of ovulation, but this may possibly be because the published reports
refer only to single blood samples and if a prolactin surge is very brief it might
be necessary to sample very frequently during a day in order to observe it. RI
assay has also shown that there is a considerable variation in response between
individual women. Many seem to have levels in the luteal phase which are similar
to or only slightly higher than those in the follicular phase. Some, however, have
a quite different pattern during the luteal phase with highly erratic fluctuations:
plasma level may be very high one day and low the next. In view of the probable
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prolonged tissue half life of prolactin, it seems possible that tissue levels of
prolactin in these women may be relatively consistently high during the luteal phase.
Using bioassay methods it has been reported that women with menstrual irregula-
rities and abnormalities and the Stein-Leventhal syndrome may have elevated prolac-
tin levels. (Berle, Apostolakis, Link, 1971: Birkinshaw, Falconer, 1972: Friesen,
1971: Friesen, Belanger, Guyda, Hwang, 1972: Friesen, Hwang, Guyda, Tolis,
Tyson, Myers, 1972: Gati, Doszpod, Preisz, 1967: Hwang, Guyda, Friesen, 1971:
Kowalski, Dabrowski, Stepniewski, 1969: L’Hermite, Delvoye, Nokin, Vekemans,
Robyn, 1972: Simkin, Arce, 1963: Simkin, Goodhart, 1960: Talas, 1967: Talas,
Stehlikova, Jezdinsky, 1968.)

Effects of coitus on prolactin secretion

In rats, females but not males show dramatic elevations of prolactin, LH and FSH
20 minutes after mating. Ewes and female goats also show prolactin secretion in
response to mating. Ejaculation by bulls into an artificial vagina produced a surge
of prolactin release, with a smaller effect on growth hormone. In humans sexual
intercourse produced an elevation of plasma prolactin levels in some but not

all women: there was some indication that orgasm may have been associated with
elevated prolactin levels: prolactin levels did not rise significantly in men. The
degree of mammary stimulation should be taken into account since in women
self-stimulation and stimulation of the nipples by a male partner both produced
elevation of prolactin secretion. In men self stimulation of the nipple had no
effect but stimulation by a female partner elevated prolactin levels by 2-4 times.
(Bryant, Linzell, Greenwood, 1970: Convey, Bretschneider, Hafs, Oxender, 1971:
Cumming, Brown, Goding, Bryant, Greenwood, 1972: Kolodny, Jacobs, Daughaday,
1972: Noel, Suh, Stone, Frantz, 1972: Spies, Niswender, 1971.)

Effects of prolactin on the ovary and corpus luteum

This topic has already been partly discussed in the biochemistry chapter where it
was shown that in many species prolactin appears capable of facilitating progestin
secretion, probably primarily by providing a pool of precursors on which LH can
act. This section is mainly concerned with the luteotrophic and luteolytic mechan-
isms which occur during the estrous cycle and pseudopregnancy. Ergot alkaloids
which presumably operate by suppressing prolactin secretion have been reported
to have no very obvious effect on the estrous cycle in rats, apart from slight short-
ening. The ovaries contained large numbers of corpora lutea but vaginal smears
suggested that these were not secreting progesterone. One report claimed that
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ergocornine could prevent ovulation but this was not supported by others. The
experiments suggest that in the absence of prolactin corpora lutea fail to produce
progesterone but also are not physically destroyed in the usual way. Prolactin
injections in CB 154 treated rats caused luteolysis with a restoration of normal
ovarian appearance. Prolactin treatment could prevent ovulation in response to LH
but apparently only in animals with active corpora lutea. It was thought that the
ovulation block was secondary to stimulation of progesterone secretion from the
corpora lutea. (Billeter, Fluckiger, 1971: Heuson, Waelbroeck-van Gaver, Legros,
1970: Hixon, Armstrong, 1971: Kraicer, Strauss, 1970: Meites, Lu,

Wuttke, Welsch, Nagasawa, Quadri, 1972: Spies, Niswender, 1971: Yokoyama,
Tomogane, Ota, 1972.)

In rats sterile coitus or various forms of cervical stimulation at the time of
estrus can induce pseudopregnancy which normally lasts for about 14 days. Coitus
and cervical stimulation produced a surge of prolactin secretion even in pelvic-
neurectomised rats: ergot alkaloid treatment could prevent this surge. However
this surge cannot be important in the initiation of pseudopregnancy since the
latter did not occur in pelvic-neurectomised rats when the surge was present, yet
did occur in ergot-treated rats in which the surge was absent. During the pseudo-
pregnancy plasma prolactin levels were elevated for the first 34 days, then declined
to below diestrus levels and then were elevated again on day 13. Ergot alkaloid
treatment or suppression of prolactin secretion by hypothalamic prolactin implants
throughout the pseudopregnancy shortened it by only 2-3 days. This suggested
that except perhaps at the end of the pseudopregnancy prolactin was not important
in maintaining luteal function. In contrast there have been a number of reports,
the most convincing involving direct observation of anterior eye chamber
ovarian transplants, that prolactin injections or reserpine-stimulated prolactin
secretion can maintain active luteal function for up to three weeks. Such
prolonged periods of maintenance by exogenous prolactin injections were
achieved more easily in hypophysectomised animals. It seems possible therefore
that prolactin may have two quite distinct effects on luteal function. When
corpora lutea which are in an active state are exposed to prolactin that active
state is maintained and the termination of secretion which is associated with a
rise in 20a-hydroxysteroid dehydrogenase activity is delayed. On the other
hand, once luteal secretion has stopped, prolactin appears to be necessary for the
physical dissolution of the old corpora lutea. (Ahmad, Lyons, Ellis, 1969:

Averill, 1969: Bast, Melampy, 1972: Billeter, Fluckiger, 1971: Bishop, Orias,
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Fawcett, Krulich, McCann, 1971: Browning, Guzman, 1967: Chen, Voogt,
Meites, 1968: Clark, 1972: Clemens, Meites, 1968: Choudary, Greenwald, 1967:

Everett, 1954: Fluckiger, Lutterbeck, Wagner, Billeter, 1972: Freeman, Neill, 1972:
Hashimoto, Wiest, 1969: Heuson, Waelbroeck-van Gaver, Legros, 1970: Hixon,
Armstrong, 1971: Kraicer, Strauss, 1970: Macdonald, 1969: Macdonald, Yoshinaga,
Greep, 1971: Malven, 1969: Malven, Hansel, Sawyer, 1967: Meites, Lu, Wuttke,
Welsch, Nagasawa, Quadri, 1972: Miyakawa, 1972: Rabii, Kragt, 1972: Rothchild,
1960: Saito, Arimura, Sawaro, 1970: Shelesnyak, 1954: Spies, Niswender, 1971:
Van Maanen, Smelik, 1968: Wuttke, Meites, 1971: Wuttke, Meites, 1972: Voogt,
Meites, 1971: Yokoyama, Tomogane, Ota, 1972: Yoshida, 1964: Zarrow, Brown-
Grant, 1964 )

There seem to be considerable species differences in the control of luteal
function. In mice, observation of eye grafts indicated that for functional
hyperemia to develop in FSH primed follicles, both LH and prolactin were
required. After hypophysectomy mouse corpora lutea degenerate and this cannot
be prevented by prolactin injections or prolactin-secreting transplants. In intact
animals however, prolactin injections prolonged the functional life of the
corpora lutea. Much less information is available on the hamster but it suggests
that prolactin and FSH are both required for luteal maintenance. Evidence for a
luteolytic effect of prolactin has also been obtained in this species. Treatment
of cycling animals with ergocornine led to a significant rise in the numbers of
corpora lutea found in the ovaries: prolactin treatment restored these numbers
to normal. In guinea pigs it has been reported that prolactin alone may prevent
the luteal degeneration which normally occurs after hypophysectomy. (Browning,
Brown, Crisp, Gibbs, 1965: Grady, Greenwald, 1968: Grandison, 1972: Greenwald,
1967: Nllingworth, Perry, 1971: Rowlands, 1962: Turnbull, Kent, 1966.)

In the rabbit hypophysectomy causes luteal regression. A combination of FSH
and prolactin seems most important in preventing this although LH has also been
reported to have an anti-atrophic action. In sheep, exogenous prolactin injections
failed to prolong the life of the corpus luteum during the estrous cycle. After
hypophysectomy LH alone had a weak effect in delaying luteal atrophy, but
prolactin or FSH alone had no action. (Kaltenbach, Graber, Niswender, Nalbandov,
1968: Karsch, Cook, Ellicott, Foster, Jackson, Nalbandov, 1971: Kilpatrick,
Armstrong, Greep, 1964: Rennie, Davies, Friedrich, 1964: Spies, Hilliard,

Sawyer, 1968.)
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Prolactin and uterine fluid and vaginal mucus

In rats and mice prolactin seems to be the major hormone involved in the stimulation

of mucus secretion by the vagina. This may be quantified by studying sialic acid
production. In hypophysectomised and ovariectomised rats estradiol alone and
progesterone alone failed to increase sialic acid production: together they
increased it by 40% but the addition of prolactin increased it by 290%. This
suggests that prolactin has an extra-ovarian effect on the vagina not mediated

by changes in steroid secretion. Prolactin also had an action on the accumulation
of fluid in the uterus, probably by modifying cervical contraction. Estradiol
treated ovariectomised rats accumulated uterine fluid for five days after which
the cervix relaxed and the fluid escaped. In hypophysectomised, ovariectomised
rats, the uterus accumulated fluid continuously and the cervix remained constricted:
prolactin treatment then allowed the cervix to relax and the fluid escaped.
(Josimovich, Wilson, Leff, 1970: Kennedy, Armstrong, 1972a, 1972b.)

Effects of prolactin on the male reproductive system

Actions of prolactin on the testis have already been discussed in the biochemistry
section. It seems to be involved in the provision of a testosterone precursor pool
and in the induction of some of the enzymes required for testosterone metabolism.
Most other work has concentrated on its effects on the prostate and seminal
vesicles, especially in the rat.

Prolactin appeared to be specifically bound to receptors on seminal vesicle
tissue but not on prostatic tissue in the rat. However, prolactin stimulated both
adenylate cyclase activity and the binding of testosterone in prostatic tissue
maintained in culture but reduced the formation of 5-x-dihydroxytestosterone.
When prostatic epithelium was maintained for several days in culture, in controls
the cells tended to degenerate and become flattened. Prolactin alone had a very
slight effect in reducing the degree of atrophy when added in moderate concen-
trations while testosterone alone had a rather greater effect. The two hormones
together completely prevented degeneration and maintained an apparently active
epithelium. High doses of prolactin had a reversed action and promoted degener-
ation. In general, although there have been some negative results, most in vivo
experiments have supported the concept that prostate growth and secretion
depend on the combined synergistic actions of prolactin and androgens. The
diminished response to testosterone seen in hypophysectomised animals may

45



Prolactin in Male and Female Reproduction

be restored by prolactin treatment. (Boyns, Cole, Golder, Danutra, Harper,
Brownsey, Cowley, Jones, Griffiths, 1972: Famsworth, 1972: Grayhack, Bunce,
Kearns, Scott, 1955: Grayhack, Lebowitz, 1972: Lawrence, Landau, 1965:
Lostroh, Li, 1957: Ravault, Peyre, 1969: Reddi, 1969: Rosoff, Martin, 1968:
Segaloff, Steelman, Flores, 1956: Turkington, Frantz, 1972: Van der Laan, 1953:
Walsh, Gittes, 1969.)

The actions of prolactin on rat seminal vesicles may be even more pronounced
as might be expected on the basis of receptor binding. Prolactin synergised with
testosterone in stimulating seminal vesicle activity and growth both in vivo and
in vitro. In castrated, hypophysectomised rats it increased seminal vesicle weights
even in the absence of testosterone. (Bengmark, Hesseljo, 1963: 1964: Chase,
Geschwind, Bern, 1957: Peyre, Ravault, Laporte, 1968: Turkington, Frantz,
1972)

Asano has raised the possibility that in rats there may be a prostatic factor
modifying prolactin release. After prostatectomy prolactin secretion from
and pituitaries incubated in vitro was elevated. A crude prostatic extract
suppressed prolactin release. There have been two other reports of the possi-
bility of some target organ negative feedback mechanism. In a male with galac-
torrhea mastectomy apparently was associated with elevated prolactin secretion
while in pigs this also happened after hysterectomy. Clearly there may be scope
for much more work in this area. (Anderson, Peters, Melampy, Cox, 1972: Asano,
1965: Volpe, Killinger, Bird, Clark, Friesen, 1972.)

Dwarf mice seem to have a specific prolactin deficiency: females are sterile and
males are sub-fertile. Prolactin treatment by pituitary grafts or injections restored
fertility in both sexes, apparently in the case of males by promoting spermatogene-
sis. In hypophysectomised ordinary mice, prolactin, LH and testosterone all had
a small effect in restoring spermatogenesis when given alone. Prolactin augmented
the effect of LH but not that of testosterone suggesting that the action of prolactin
may have been to provide a precursor pool on which LH could act to stimulate
testosterone secretion. (Bartke, 1966, 1967, 1971: Bartke, Lloyd, 1970.)

In castrated guinea pigs prolactin alone had no effect on weight or histology

of either prostate or seminal vesicles. It did, however, synergise with testosterone
in raising seminal vesicle weight and promoting secretion. Even in combination
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with testosterone it did not appear to have any prostatic effects. In rabbits, in
contrast, injection of prolactin antiserum into adult male animals caused weight
decrease and degeneration of both prostate and seminal vesicles. (Antliff,
Prasad, Meyer, 1960a, 1960b: Asano, Kanzaki, Sekiguchi, Tasaka, 1971.)

In dogs prostatic-atrophy was greater after hypophysectomy than after castration
but the pituitary factor responsible was not identified. (Huggins, Russell, 1946.)

In baboons prolactin has been reported to reduce ®°Zn uptake in many tissues
but it had no effect on uptake by prostate or seminal vesicles. (Schoonees,
De Klerk, Murphy, 1970.)

In humans it has been reported that those with prostatic cancer have higher
prolactin levels than those with benign prostatic hypertrophy and that prolactin
levels rise as the disease progresses. This will be discussed further in the chapter on
cancer. (Asano, 1962. 1965: Farnsworth, 1972.)

Prolactin and reproductive behavior

The role of prolactin in reproductive behavior in non-mammalian vertebrates

has been extensively documented but studies in mammals are few. The idea that

it might be involved in behaviour is not implausible since it seems to be specifically
bound by the cerebral cortex and it is known to alter the behaviour of hypothal-
amic neurons. (Clemens, Gallo, Whitmoyer, Sawyer, 1971: Faure, Friconneau,
1959: Hokfelt, Fuxe, 1972: Nicoll, Bern, 1972: Riddle, 1963a, 1963b: Turkington,
Frantz, 1972.)

In the rabbit prolactin seems to be one of the hormones involved in hair loosen-
ing and nest building and it also seems to be required for maternal behaviour in
the rat. In both species a combination of prolactin with progesterone and estrogen
seems to be required. In male rabbits exogenously administered prolactin has been
reported to have a marked inhibitory effect on male copulatory activity: the effect
could not be counteracted by simultaneous treatment with testosterone. In male
homosexuals, plasma prolactin levels may be slightly elevated. (Farooq, Denenberg,
Ross, Sawin, Zarrow, 1963: Hartmann, Endroczi, 1966: Kolodny, Jacobs, Masters,
Toro, Daughaday, 1972: Moltz, Lubin, Leon, Numan, 1970: Zarrow, Farooq,
Denenberg, Sawin, Ross, 1963: Zarrow, Grota, Denenberg, 1967: Zarrow,
Sawin, Ross, Denenberg, Crary, Wilson, Farooq, 1961.)
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PREGNANCY

There appear to be marked differences in prolactin physiology in pregnancy between
rodents, ruminants and humans. It is more important than in most areas of physio-
logy to avoid generalising from one species to another without specific evidence.

Rodents

In rats prolactin levels in pregnancy are similar to those in pseudopregnancy being
elevated for the first 4-6 days, then very low until the last day of pregnancy when a
relatively rapid rise takes place on days 20-21. Hypophysectomy, treatment with
ergot alkaloids and hypothalamic implantation of prolactin all terminated pregnancy
with certainty if carried out during the first week or so. Prolactin injections alone
could maintain pregnancy with the last two procedures but in hypophysectomised
animals FSH was required as well. Progesterone could maintain pregnancy in the
absence of the pituitary hormones, suggesting that the prolactin may have been
acting by stimulating the corpus luteum to secrete progesterone. In rats delayed im-
plantation could be achieved by hypophysectomy and pituitary autotransplantation
the day after mating. Nidation could then be triggered by estrogen: ergocornine pre-
vented the nidation but the inhibitory effect could be overcome by progesterone.
Pelvic neurectomised rats failed to become pregnant unless they received pituitary
homografts beneath the renal capsule. Placement of 300 ug exogenous prolactin near
the grafts four days after mating terminated pregnancy. All the experiments point to
the idea that prolactin is important in the maintenance of pregnancy during the

first few days primarily because of its actions on the corpus luteum. (Amenomori,
Chen, Meites, 1970: Armstrong, King, 1971: Bast, Melampy, Choudary, Greenwald,
1967: Clemens, Sar, Meites, 1969: Greenwald, Johnson, 1968: Linkie, Niswender,
1972: Meites, Clemens, 1972: Meites, Lu, Wuttke, Welsch, Nagasawa, Quadri, 1972:
Schlough, Schuetz, Meyer, 1965: Spies, Clegg, 1971: Spies, Forbes, Clegg, 1971:
Varavudhi, Lobel, Shelesnyak, 1966.)

Dwarf female mice with hereditary prolactin deficiency are infertile. They
could be made fertile by implanting normal mouse pituitary glands under the renal
capsule. Removal of the graft in the first week or so of pregnancy terminated it,
but removal later on had no effect. This behaviour which is similar to that of rats
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suggests that in these species as in humans, there may be a placental lactogen. Rat
placental extracts have been reported to have crop sac stimulating activity. Mono-
amine oxidase inhibitors which reduce prolactin secretion could also terminate
pregnancy much more easily in the first half than the second half: the effect could
be overcome by treatment with either progesterone or prolactin. Pregnancy block
in mice which may occur on exposure to alien males could be overcome by proges-
terone or prolactin. No changes in pituitary prolactin could be detected until the
females had been caged with the alien males for 48 hours. (Bartke, 1971: Chapman,
Desjardins, Whitten, 1970: Dominic, 1966, 1967: Finn, Martin, 1971: Lindsay,
Poulson, Robson, 1963: Nicholson, 1970: Poulson, Robson, 1963: 1964a, 1964b:
Shani, Zanbelman, Khazen, Sulman, 1970.)

In rats, estrone increased the deciduoma response of the uterus and stimulated ring
A reduction of progesterone by uterine tissue. Prolactin partially inhibited the deci-
duoma response in estrone-treated animals and inhibited the ring A reduction of
progesterone in progesterone treated rats. (Armstrong, King, 1971.)

In rabbits hypophysectomy in the 2nd week of pregnancy caused degeneration
of the corpus luteum. Prolactin and FSH slowed down this process but LH had no
additional effect. Treatment with estradiol plus prolactin maintained both corpus
luteum and ovarian interstitial tissue in a healthy state and prevented termination.
(Spies, Hilliard, Sawyer, 1968.)

Ruminants

After the elevations of prolactin plasma level at the time of mating, prolactin con-
centrations in sheep and goats as measured by radioimmunoassay fell progressively
until in mid-pregnancy they were below levels seen at diestrus. At this time prolactin
levels measured by bioassay were much higher suggesting the possibility of the pre-
sence of placental lactogen. About 4-5 weeks before the expected date of parturition
levels began to rise slowly and then 30-50 hours before parturition there began a
dramatic surge of prolactin secretion which elevated plasma levels 5-10 fold. Levels
at parturition were higher than during lactation. There was also a rise of estrogen
levels in plasma 1-2 days before parturition: this appeared to start later than the
prolactin surge but this might have been accounted for by differences in the sensi-
tivities of the two assays. Prolactin could be found in fetal blood only after the
110-135th day of gestation in sheep: levels were always below those in maternal
plasma. Prolactin appeared to be absent from the amniotic and allantoic fluid except
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when the fetal plasma concentration was exceptionally high. Findings in cattle were
substantially in agreement with those in sheep and goats. (Alexander, Britton, Buttle,
Nixon, 1972: Brumby, Forsyth, 1969: Buttle, Forsyth, 1971: Buttle, Forsyth,
Knaggs, 1972: Challis, 1971: Davis, Reichart, Niswender, 1971: Fell, Beck, Brown,
Catt, Cumming, Goding,1972: Hart, 1972: Lamming, Moseley, McNeilly, 1972:
McNeilly, 1971: Moger, Geschwind, 1971: Ingalls, Hafs, Oxender, 1971 : Obst,
Seamark, 1972: Oxender, 1972a, 1972b: Oxender, Convey, Hafs, 1972: Schams,
Karg, 1970: Schams, Bohms, Karg, 1971.)

Primates

Prolactin physiology in primate pregnancy seems to be quite different from that in
other animals. In humans there is a steady but slow rise in plasma prolactin levels
reaching a mean of 50 ng/ml in the second trimester. In the third trimester levels

rise much more rapidly to a mean of about 200 ng/ml at term (range 35-600). Little
change was observed in the last two weeks. Levels in fetal and neonatal blood at term
were similar to those in the mother and prolactin appeared in neonatal urine. In one
woman with an isolated growth hormone deficiency who was being specially investi-
gated, levels in the umbilical vein were higher than those in the umbilical artery which
in turn were higher than those in the uterine vein. In monkeys in complete contrast,
plasma prolactin levels remained\relatively low throughout pregnancy. It was suggested
that this might be related to the low estrogen production during pregnancy in rhesus
monkeys: at term a normal human excretes about 25-35 mg estrogens/day while in
the same period a monkey excretes about 35 ug. (Berle, Apostolakis, 1971: Friesen,
Belanger, Guyda, Hwang, 1972: Friesen, Hwang, Guyda, Tolis, Tyson, Myers, 1972:
Hwang, Guyda, Friesen, 1971: L’Hermite, Delvoye, Nokin, Vekemans, Robyn, 1972:
L’Hermite, Stauric, Robyn, 1972: Lyons, 1937: Tyson, Hwang, Guyda, Friesen, 1972

Histological studies of the pituitaries taken from women who died during pregnanc
confirm the idea that prolactin secretion is much more active at this time. Many more
prolactin-secreting cells are found than in the non-pregnant state. (Goluboff, Ezran,
1969: Pasteels, Gausset, Danguy, Ectors, 1972: Pasteels, Gausset, Danguy, Ectors,
Nicoll, Varavudhi, 1972.)

The truly remarkable thing about primate pregnancy is, however, the quantity of
prolactin to be found in the amniotic fluid. In the first trimester the prolactin con-
centration in human amniotic fluid is around 2500 ng/ml with a range of from about
1000 to 10000 ng/ml. There is a slow decline until the end of pregnancy when the
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mean is about 1200 ng/ml, with a range of from about 900 to 2000 ng/ml. These

concentrations are of course very much higher than the concentrations of prolactin
in plasma. In early pregnancy amniotic fluid prolactin concentration is roughly 80-
90 times greater than plasma concentrations and at the end of pregnancy amniotic
fluid concentration is about 10 times plasma concentration. Strikingly, al-

though rhesus monkey plasma prolactin levels are so low, amniotic fluid concentra-
tions are even higher than those seen in humans, although for obvious reasons the
number of observations so far made is much smaller. Levels after about three
months of pregnancy were about 1700 ng/ml but by five months these had doubled
or tripled. (Hwang, Guyda, Tolis, Tyson, Myers, 1972: Tyson, Hwang, Guyda,
Friesen, 1972.)

The obvious problems raised by these findings are first the source and then the
function of this prolactin. It appeared on the basis of a number of physico-chemical
and immunological comparisons to be identical with pituitary prolactin and one
possibility is that it is pituitary prolactin which is in some way concentrated by the
amniotic fluid. However, when '**1 labelled prolactin was injected into maternal
monkey plasma, it had an initial half life of about 10-15 minutes and virtually none
appeared in either fetus or amniotic fluid. '**I prolactin injected into the amniotic
fluid directly appeared to have a half life of several hours indicating that the amni-
otic prolactin pool was relatively stable. These findings suggest, but do not prove
that prolactin in both amniotic fluid and fetal blood could come from somewhere in
the feto-placental unit. Since in one human observation umbilical vein prolactin was
higher than that in the umbilical artery, a source in the placenta or membranes seems
most likely at the moment Incubation of small pieces of amnion, chorion and pla-
centa in Krebs,-Ringer bicarbonate buffer showed that the amnion and chorion but
not the placenta released small amounts of prolactin into the medium. On the face
of it it seems more likely that this prolactin was bound to the tissues rather than syn-
thesised by them but a definite conclusion awaits {urther work. (Hwang, Guyda,
Tolis, Tyson, Myers, 1972: Tyson, Hwang, Guyda, Friesen, 1972.)

Two hypotheses have been proposed for the role of amniotic fluid prolactin. The
first is that prolactin may be playing its ancient role of regulating fluid and electro-
lyte metabolism and may be important in the control of the amniotic fluid. If this is
so then situations in which amniotic fluid regulation is disturbed might be expected
to reveal abnormal amniotic fluid prolactin levels. In four human patients with hydram
nios prolactin levels were below 200 ng/ml, well below the normal range: in three
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others prolactin concentrations were normal. This strongly suggests that in some
patients there may be a negative correlation between amniotic fluid volume and pro-
lactin concentration. (Friesen, Hwang, Guyda, Tolis, Tyson, Myers, 1972: Tyson,

Hwang, Guyda, Friesen, 1972.)

The other hypothesis suggests that the prolactin is in some way delivered to the
myometrium and is concerned with the regulation of myometrial activity. It is, of
course, not incompatible with the first hy pothesis. In rats prolactin has been reported
to promote cervical relaxation. In strips of uterine muscle taken from estrogen or es-
trogen plus progesterone treated rats, oxytocin treatment caused over a period of
twelve hours, a steadily increasing pattern of contractile activity. Prolactin added
to the bath did not inhibit the basal contractile activity significantly, but it did
promote lengthening of the muscle strip and it completely blocked the normal
increase in activity. In similar experiments with late pregnant guinea pigs it was
shown that prolactin within an hour reduced contractile activity to much less than
one half that seen in control strips. An increasing feature of the effect was that
after about 25-30 minutes there was a consistent and very abrupt reduction in the
amplitude of
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FIG.1. A record of oxytocin-stimulated contractions of smooth muscle taken from a guinea
pig in late pregnancy. Prolactin in a concentration of 10 microg/ml was added at the arrow.
The time marks represent minutes and the lower record follows continuously after the upper
one. The characteristic feature is the abrupt change in contraction amplitude. Parallel control
strips taken from the same uterus contracted for several hours without significant change in
amplitude of contraction.
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the contractions (Figure 1). Strips taken from mid-pregnant guinea pigs were less
sensitive to this effect while those from early pregnant guinea pigs were inhibited
only stightly by prolactin. In recent preliminary experiments using strips of myome-
trium removed from the edge of the uterine incision during human caesarian section
we have shown that in concentrations of 5 g and 10 ug/ml ovine prolactin could
stop oxytocin-stimulated contractions within 30 minutes: control strips without
added prolactin went on contracting for hours. Lower prolactin concentrations have
not yet been tested. Clearly these observations are only very preliminary but they do
indicate that prolactin concentrations within the range found in human amniotic
fluid can inhibit myometrial activity in three different species. If amniotic fluid pro-
lactin is important in controlling myometrial activity, this could explain why pre-
mature labour is so common with hydramnios (although uterine stretch is clearly a
factor here) and why labour is so successfully initiated in most women by rupturing
the membranes and allowing the amniotic fluid to drain away. Glucocorticoids
appear able to suppress pituitary prolactin secretion: if they suppress prolactin man-
ufacture or concentration by the membranes-amniotic fluid unit, this could account
for the initiation of labour in humans by the injection of betamethasone into the
amniotic fluid. Clearly much more work must be done in this area. (Horrobin,
Lipton, Muiruri, Manku, Bramley, Burstyn, 1973: Mati, Horrobin, Bramley, 1973.)

FIG.2. Arecord of oxytocin-stimulated contractions in a strip of human smooth muscle
taken from the edge of the uterine wound during Caesarian section. Prolactin in a concentration
of 10 microg/ml was added to the bath at the arrow. The time marks represent minutes.
Prolactin first altered the contraction pattern, then slowed the contractions and reduced their
amplitude and finally abolished them altogether.
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Chapter 9

LACTATION

The role of prolactin in lactation is the best known of all its actions and has been
extensively reviewed many times, notably in the recent book *“The Physiology of
Lactation™ by Cowie and Tindal. For this reason it will be dealt with relatively

briefly here and emphasis will be placed on work published in the last two years.

Levels during lactation and suckling

In the rat both pituitary content and plasma levels have been measured during lacta-
tion and suckling. Serum prolactin levels were low during pregnancy but rose the day
before parturition. During lactation basal plasma levels were elevated so long as the
litters were left with the mother but on removal of the litter levels fell to non-pregnar
values within a few hours. Suckling consistently caused depletion of pituitary prolac-
tin content and elevation of plasma levels. (Amenomori, Chen, Meites, 1970: Convey,
Reece, 1969: Grosvenor, Mena, 1971: Grosvenor, Mena, Schaefgen, 1967: Meites,
1966: Meites, Clemens, 1972: Sar, Meites, 1969: Terkel, Blake, Sawyer, 1972.)

In sheep and goats prolactin levels in the plasma also rose sharply just before par-
turition. Hand and machine milking and suckling were powerful stimuli to prolactin
secretion. After such stimulation levels fell rapidly although there appeared to be
slightly elevated prolactin levels for some time after teat stimulation suggesting a
more prolonged effect of suckling on prolactin secretion. The surge in response to
suckling appeared to be greatest just after parturition and as lactation proceeded the
magnitude of the suckling surge declined. (Buttle, Forsyth, 1971: Buttle, Forsyth,
Knaggs, 1972: Bryant, Greenwood, 1968: Bryant, Greenwood, Linzell, 1968: Bryant,
Linzell, Greenwood, 1970: Fell, Beck, Brown, Catt, Cumming, Goding, 1972: Fell,
Beck, Brown, Cumming, Goding, 1972: Lamming, Moseley, McNeilly, 1972.)

Similar results have been obtained in cattle. Again plasma levels rise just before
parturition and just afterwards both basal levels and the responses to milking and
suckling are at their peak. With prolonged lactation basal levels between milking
reach values seen in non-lactating animals and the surges in response to milking and
suckling become much smaller. (Joke, 1970: Koprowski, Tucker, 1971: Schams,
1972: Schams, Bohms, Karg, 1971: Schams, Karg, 1970.)
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In humans levels of prolactin were high at the end of pregnancy and basal levels
during the first few days post partum were of the same order of magnitude, some-
times a little higher than in pregnancy, sometimes a little lower. Basal levels during
the post partum two weeks steadily fell but no differences were observed between
nursing mothers and those whose lactation had been suppressed by estrogen treat-
ment. After the first two weeks in both groups of women levels were only a little
above those seen during normal menstrual cycles and in some lactating women fell
to menstrual cycle levels. Suckling produced a sharp rise in plasma prolactin levels:
the range of elevation reported by different workers has been from 2-100 fold. Some
of the differences in results are undoubtedly due to individual differences between
women but some may be due to differences in assay performance with possible non-
linearity over part of the range of prolactin concentrations. Tyson et al made a de-
tailed study of the responses to suckling during prolonged periods of lactation. In
the first week post partum mean basal levels were about 140 ng/ml rising to about
200 mg/ml after suckling. Up to two months post partum the corresponding figures
were 30 and 160 ng/ml and after two months 25 and 60 ng/ml. There were large
individual variations and after two months some women showed typical menstrual
cycle basal levels with very little response to suckling in spite of the fact that milk
production was obviously continuing. The prolactin response to TRH tended to be
larger than normal during the post partum weeks although the TSH response to TRH
was normal. During late lactation, even in those women who showed little or no
response to suckling a normal TRH response was observed. A very interesting obser-
vation was that prolactin concentrations in human milk were higher than those in
plasma sampled at the same moment suggesting that the breast may be capable of
concentrating prolactin. (Bryant, Greenwood, 1972: Frantz, Kleinberg, Noel, 1972:
Friesen, 1972c: Friesen, Hwang, Guyda, Tolis, Tyson, Myers, 1972: L’'Hermite,
Delvoye, Nokin, Vekemans, Robyn, 1972: Tyson, Friesen, Anderson, 1972: Tyson,
Hwang, Guyda, Friesen, 1972.)

Mechanism of the response to suckling

The secretion of prolactin in response to suckling seems to depend on stimulation of
nipple sensory nerves. Impulses are then carried up to the hypothalamus where pro-
lactin release is stimulated. At least part of the stimulation has been shown in rats to

be due to depletion of hypothalamic PIF but doubts have been raised as to whether

the dramatic rise in prolactin secretion which occurs could be accounted for solely

in terms of removal of inhibition: several workers have felt that such a striking response
could be accounted for only by a combination of a rise of releasing factor activity and
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a fall in inhibiting factor activity. In rats the rise in prolactin secretion in response to

ether anesthesia could be blocked by prior injection of rat hypothalamic extracts,
presumably containing PIF: the much larger rise in response to suckling could not

be so blocked. Bovine and ovine hypothalamic extracts did prevent any fall in rat
pituitary prolactin content in response to suckling. Unfortunately there appear to

be no studies which have looked at both gland content and blood levels after hypo-
thalamic extract treatment but one possible explanation of the observations is that pr
lactin secretion still occurred in response to suckling but in the presence of PIF was
insufficient to deplete the gland. (Amenomori, Meites, 1970: Cowie, Tindal, 1971:
Grosvenor, 1965: Grosvenor, McCann, Nallar, 1965: Meites, Lu, Wuttke, Welsch,
Nagasawa, Quadri, 1972: Mena, Beyer, 1963: Mena, Grosyenor, 1968: Ratner,
Meites, 1964: Sar, Meites, 1969: Tindal, Knaggs, 1970, 1972: Tindal, Knaggs, Turvey
1967.)

The fall in pituitary gland prolactin content which occured in response to suckling
did not occur in response to a second period of suckling in the rat if the time inter-
val between the first and second suckling was less than two hours. This was true even
if prolactin depletion in response to the first suckling period was prevented by a hypo
thalamic extract containing PIF. On the other hand, depletion of prolactin content
of the pituitary did not occur if the interval between two suckling periods was pro-
longed to 16 hours. This suggests that there is a refractory period in the mechanism
which causes the depletion response to suckling to fail if two suckling periods follow
one another too rapidly, but on the other hand that an active response requires
regular suckling for its maintenance. Two hours of suckling in rats depleted pituitary
prolactin content almost to 10% of the starting level. Normal levels were restored agai
after eight hours without suckling. In order to test whether absence of PIF was the
only condition required for refilling of the gland, pituitaries were removed imme-
diately after suckling and incubated in vitro. No repletion occurred. This suggests
that the main action of PIF is on prolactin release and that some other factor is re-
quired to stimulate prolactin synthesis. Rat hypothalamic extracts given to lactating
rats after suckling accelerated the rate of reaccumulation of prolactin in the gland.
Ovine hypothalamic extracts, rich in PIF, did not alter the rate of reaccumulation.
(Convey, Reece, 1969: Grosvenor, Maiweg, Mena, 1970: Grosvenor, Mena, 1971:
Grosvenor, Mena, Maiweg, Dhariwal, McCann, 1970: Grosvenor, Mena, Schaefgen,
1967.)

In rats a number of other stimuli apart from suckling appear able to stimulate
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prolactin secretion. Even if suckling was prevented, the presence of pups or of other
lactating rats, but not of male rats, seemed able to stimulate prolactin release. In
humans, however, giving her baby to a mother did not appear to stimulate prolactin
secretion in the absence of actual suckling. (Frantz, Kleinberg, Noel, 1972b: Grosvenor,
1965: Grosvenor, Mena, 1967: Mena, Grosvenor, 1972: Moltz, Levin, Leon, 1969.)
Benson and Folley in 1956 demonstrated that oxytoexin injections could prevent
involution of mammary glands after litter removal and suggested that this
indicated that oxytocin could stimulate prolactin secretion. However it is now
known that oxytocin may have a direct action on the alveoler cells to retard their
rate of involution. Attempts to stimulate prolactin secretion by oxytocin injections
in sheep and cattle failed to produce consistent elevations in prolactin secretion
except when very large doses which might have been stressful to the animal were
used. It therefore seems unlikely that oxytocin is a natural stimulator of prolactin
release although it remains conceivable that very high doses of oxytocin given into
the blood may be required to simulate the concentrations of oxytocin delivered
precisely by nerve cells to a particular hpothalamic site. (Benson, Folley, 1956:
Bryant, Greenwood, 1972: Huntingford, 1963: Joke, 1970: Koprowski, Tucker,
1971: Ota, Shinde, Yokoyama, 1965: Schams, 1972: Schams, Bohm, Karg, 1971:
Schams, Karg, 1970: Sinha, Tucker, 1969: Thatcher, Tucker, 1970.)

Hormone requirements for mammary function

There is an extensive literature, admirably reviewed by Cowie and Tindal (1971)
on the hormonal requirements for mammary development and milk secretion in
vivo. While there are considerable species differences, it seems that estrogen,
progesterone, glucocorticoids, thyroid hormone, insulin, prolactin and growth
hormone are all required for normal lobulo-alveolar growth during pregnancy. The
glucocorticoids, thyroid hormone and insulin, probably act mainly as permissive
factors. As might be expected with such a complex system there seem to be
substantial species differences, not to speak of differences between experimenters
working on the same species! [t would seem pointless in this book to review again
work which has been described so well elsewhere. (Cole, Hopkins, 1962: Cowie,
1964: Cowie, Daniel, Knaggs, 1964: Cowie, Hartmann, Turvey, 1969: Cowie,
Tindal, 1971: Cowie, Tindal, Yokoyama, 1966: Djojosoebagio, Turner, 1964:
Hartmann, Cowie, 1970: Hartmann, Cowie, Hosking, 1970: Ichinose, Nandi, 1964:
Jean, 1971: Meites, 1965: Meites, Hopkins, Talwalker, 1963: Sud, Meites, 1971.)

The main aim of this section is to describe the effects of prolactin on mammary
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tissue which has been primed by exposure to the other necessary hormones. The
first problem to be solved is the precise locus of prolactin action. The biochemical
actions of prolactin on mammary tissue were apparently unaltered by binding the
prolactin to Sepharose particles larger that the mammary epithelial cells. Provided
that the bound prolactin remained attached, this indicates that entry to the cell is
not necessary. These observations were supported by the results of autoradiography
of rabbit mammary tissue after either intraductal or intravenous administration of
prolactin labelled with radioactive iodine. Virtually none of the radioactivity
appeared to be within the cells and even after intraductal administration most was
found on the boundaries of the alveolar cells adjacent to the vascular supply
suggesting the presence of specific prolactin receptors at that site. (Birkinshaw,
Falconer, 1972: Falconer, 1972: Turkington, 1970a: Turkington, Frantz, 1972.)

The basic biochemical actions of prolactin, and in particular the interesting
way in which prolactin-induced protein kinases may interact with the cyclic
AMP system, were described in the biochemistry chapter. These biochemical
effects have been studied most precisely in vitro in mammary tissue taken from
pregnant mice, rats or rabbits. Cortisol and insulin seem necessary for prolactin to
express itself fully in vitro and it also seems that tHe cells being cultured must
undergo one cell division under the influence of the two permissive hormones
before prolactin can act on them: the reason for this is unknown. Changes in
histone and RNA synthesis and the manufacture of new ribosomes seem to precede
the formation of casein, lactose and lipids, The synthesis of all the major componen:
of milk seems to be stimulated by prolactin, and it seems probable that each
mammary cell can make all these components. (Baldwin, Martin, 1968:
Barnawell, 1967: Bolton, 1971: Cowie, 1969: Delouis, Denamur, 1972: Denamur,
Delouis, 1972: Dilley, Nandi, 1968: Falconer, Fiddler, 1970: Gachev, 1963, 1969:
Green, Topper, 1970: Hohmann, Cole, 1971: Kumaresan, Anderson, Tumer,
1966: Lockwood, Turkington, Topper, 1966: Marzluff, McCarty, Turkington,
1969: Oka, Topper, 1971, 1972: Simpson, Schmidt, 1971: Sinha, Lewis,
Vanderlaan, 1972: Strong, Dils, Forsyth, 1971: Tobon, Josimovich, Salazar, 1972:
Topper, 1970: Turkington, 1968a, 1968b, 1968¢c, 1969a, 1969b, 1970c, 1972a:
Turkington, Frantz, 1972: Turkington, Juergens, Topper, 1965: Turkington,
Riddle, 1969, 1970: Turkington, Spielvogel, 1971: Turkington, Ward, 1969: Wang,
Hallowes, Bealing, Strong, Dils, 1971, 1972: Wang, Hallowes, Smith, Amor, Lewis,
1972)
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The interaction between progesterone and prolactin in the regulation of
lactose synthetase synthesis is particularly interesting. Lactose synthetase consists
of two components, a-lactalbumin and galactosyl transferase. In late pregnancy
there is active synthesis of galactosyl transferase but little manufacture of a-
lactalbumin. After parturition there is a dramatic rise of a-lactalbumin activity.
Galactosyl transferase alone catalyses the reaction

UPD-galactose + N-acetylglucosamine ~ N-acetyllactosamine + UDP

a-Lactalbumin changes the specifity of the enzyme so that it can catalyse the
synthesis of lactose

UDP-galactose + glucose ~ Lactose + UDP

It seems that progesterone is the hormone which is responsible for the suppres-
sion of a-lactalbumin synthesis and that after parturition when progesterone levels
fall, the stimulating action of prolactin can be expressed. (Kuhn, 1969a, 1969b:
Turkington, Brew, Vanaman, Hill, 1968: Turkington, Hill, 1969.)

Drug suppression of puerperal lactation in humans

Stilbestrol and other synthetic estrogens have been widely used to suppress lactation
in humans in the puerperium. Their effect does not appear to depend on inhibition
of prolactin secretion since in the first two weeks post partum basal prolactin

levels were found to be comparable in both nursing and estrogen suppressed mothers.
The inhibiting action is almost certainly directly on the mammary tissue and in
animals it has been shown that it can be overcome by large doses of exogenous
prolactin. (L’Hermite, Delvoye, Nokin, Vekemans, Robyn, 1972: Meites, 1972:
Meites, Sgouris, 1964.)

In pilot studies 2-bromo-a-ergokryptine (CB 154) has been shown to be
effective in stopping puerperal lactation in humans by stopping prolactin
secretion. Ergot alkaloids are also effective in inhibiting lactation in rats. In
cattle although CB 154 suppressed prolactin levels and reduced milk yield it did
not suppress lactation completely. (Del Pozo, Brun Del Re, Varga, Friesen, 1972:
Fluckiger, Wagner, 1968: Karg, Schams, Reinhardt, 1972: Shaar, Clemens, 1972:
Varga, Lutterbeck, Pryor, Wenner, Erb, 1972.)
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PROLACTIN AND THYROID FUNCTION

The subject of the interactions between prolactin and its regulating mechanisms
and thyroid hormones and their regulating mechanisms is one which is expanding
very rapidly indeed. As yet most of the research has dealt with interactions at the
hypothalamus-pituitary level rather than at the thyroid gland-peripheral target
organ level.

In amphibians prolactin seems able to stimulate the growth of larval structures
by interfering with the thyroid hormones. It does this partly by blocking the effect
of TSH on the thyroid gland and partly by blocking the effect of thyroid hormone
on the tissues. In mammals thyroid hormones seem to be required as permissive
factors in mammary development. In immature rodent mammary glands maintained
in culture, low levels of thyroxine synergise with prolactin in stimulating lobulo-
alveolar growth while higher levels have an inhibitory effect. (Cowie, Tindal, 1971:
Nicoll, Bryant, 1972: Singh, Bern, 1969: Sinha, 1970.)

There have been no direct studies of the effects of prolactin on thyroid function.
In lactating rats serum thyroxine levels were inversely related to the intensity of
lactation. The reduced serum thyroxine level could not be restored to normal by
ten times the normal dietary intake of iodine. In non-lactating rats serum thyroxine
levels could not be reduced by treatment with 2 mg prolactin/day for 15 days. In
rats bearing prolactin secreting tumours, pituitary content of TSH and thyroid
uptake of 3!1 were reduced suggesting the possibility of a direct suppression of
pituitary TSH production. (Lorscheider, Reineke, 1971: MacLeod, Abad, 1968.)

Possibly the most important inter-relationship between the thyroid and prolactin
systems was indicated by the finding of Tashjian et al that TSH-releasing hormone
(TRH or TRF) could stimulate cultured rat pituitary cells to secrete prolactin. The
stimulation was clearly apparent after 4 hours, became maximal (2-5 times control)
after 24-48 hours and persisted for at least 20 days in the presence of TRH. A TRH
concentration of 0.1 ng/ml had some effect and the maximal response was producec
by a concentration of 10 ng/ml. Other workers using rat and bovine anterior pit-
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uitaries have had some difficulty in reproducing this effect. In general it seems
that a clear effect can be obtained when pituitary cells are cultured but not when
pituitary tissue is cultured: it is conceivable that the receptors may be so sited that
in the latter preparation prolactin added to the medium may not gain access to
them. (Gourdji, Kerdelhue, Tixier-Vidal, 1972: Guillemin, 1972: La Bella, Vivian,
1971: Lu, Shaar, Kortright, Meites, 1972: Meites, 1972: Meites, Lu, Wuttke,
Welsch, Nagasawa, Quadri, 1972: Tashjian, Barowsky, Jensen, 1971.)

On attempting to test the effect of TRH on prolactin secretion in vivo and
here a clear species difference emerged. In rats when TRH was injected over a
period of days, there was a rise in pituitary prolactin and a small rise in serum
prolactin. The time scale of the response and the fact that it did not occur in
thyroidectomised-parathyroidectomised animals suggest that it may be an indirect
phenomenon, mediated by an elevation in thyroid hormone secretion: certainly in
vitro both thyroxine and triiodothyronine have been observed to increase prolactin
secretion. (Lu, Shaar, Kortright, Meites, 1972: Meites, 1972: Meites, Clemens,
1972: Meites, Lu, Wuttke, Welsch, Nagasawa, Quadri, 1972: Nicoll, Meites, 1963.)

The results in man were quite different. It was soon shown by several groups
that injection of as little as 10 ug of synthetic TRH intravenously could elevate
prolactin plasma levels within minutes: doses up to 800 ug have been tried and
found effective. The rises in plasma levels were 2-5 times control with peak values
after about 15 minutes and a decline to normal levels after about 180 minutes.
The response was greater in females than males. The rapid and dramatic response
makes it unlikely that the effect is mediated via TSH and thyroid hormones
although it does not, of course, prove that TRH is a physiological prolactin releasing
factor. However, the effects of hypo and hyperthyroidism on prolactin secretion
discussed briefly in the next paragraph and more fully in section B of the book
make a physiological role for TRH in the regulation of prolactin secretion likely.
(Bowers, Friesen, Hwang, Guyda, Folkers, 1971 Friesen, Hwang Guyda, Tolis,
Tyson, Myers, 1972: Jacobs, Snyder, Wilber, Utiger, Daughaday, 1971: L’Hermite,
Copinschi, Golstein, Vanhaelst, Leclercq, Bruno, 1972: Turkington, Ray, Costin,
1972: Bowers, Friesen, Hwang, Guyda, Folkers, 1971.)

If TRH is a physiological PRF then under conditions of primary hypothyroidism

when TSH and probably TRH secretion rates are elevated, prolactin levels might
also be elevated. This has been frequently but not always found to be true. In rats
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made hypothyroid by treatment with propylthiouracil, both TSH and prolactin

secreting cells hypertrophied, but on the other hand similar treatment has been
reported to reduce pituitary prolactin content and concentration. Cultured
pituitaries from rats thyroidectomised some time before sacrifice synthesised
more prolactin than controls: triiodothyroxine injections suppressed the increased
secretion within three hours. Thyroxine treatment in rats elevated pituitary
prolactin content and concentration but at the same time seminal vesicle weight
was reduced suggesting the possibility of diminished prolactin secretion. (Chen,
Meites, 1969: Doerr-Schott, Stoeckel, Porte, Reville, 1972: leiri, 1971.)

In humans there is a rare syndrome in which pre-pubertal primary hypothyroid-
ism is associated with galactorrhea and elevated prolactin levels and precocious
puberty. Treatment of the hypothyroidism restored prolactin levels to normal in
several patients. In adults there are many reports of a similar syndrome which
responded to thyroid treatment. Measurements of prolactin levels in hypothyroid
patients without galactorrhea have indicated that they are frequently elevated and
the prolactin-secreting cells in the pituitary may be hypertrophied in myxedema.
(Arroyo, Aubert, 1971: Clemens, Minaguchi, Storey, Voogt, Meites, 1969:
Edwards, Forsyth, Besser, 1971: Forsyth, Besser, Edwards, Francis, Myres, 1971:
L’Hermite, Delvoye, Nokin Vekemans, Robyn, 1972: Jackson, 1956: Kinch,
Plunkett, Devlin, 1969: Pasteels, Gausset, Danguy, Ectors, 1972: Robyn, 1972:
Savely, Modlinger-Odorfer, Szecsenyi-Nagy, 1965: Turkington, Ray, Costin, 1972:
Van Wyck, Grumbach, 1960.)

Finally, while the 24 hour secretion patterns of TSH and prolactin are very
similar, TSH plasma levels do not rise when prolactin levels rise during suckling.
(Friesen, Hwang, Guyda, Tolis, Tyson, Myers, 1972: Nokin, Vekemans, 1. 'Hermite,
Robyn, 1972: Patel, Baker, Alford, Johns, Burger, 1972: Sassin, Frantz, Weitzman,
Kapen, 1972: Vanhaelst, Van Cauter, De Gaute, Golstein, 1972.)
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PROLACTIN AND CANCER

The demonstration by Huggins that some types of cancer remain dependent on the
hormones required for growth and maintenance of the normal tissue of the same
organ has stimulated an enormous amount of research. In the case of prolactin the
obvious target organ which might generate hormone-dependent tumours is the
mammary gland, although increasingly attention is being paid to the prostate as
well. Because of the possibility of considerable species differences it seems part-
icularly important in this field to specify the species involved.

Mammary tumors in mice

Many strains of mice develop spontaneous mammary tumors but there are large
strain differences in tumor susceptibility. The differences seem to be due to
differences at the mammary gland level: certainly it has been shown that similar
prolactin levels may be associated with a high tumor incidence in one strain and
a low incidence in another strain. The most sensitive strains are those in which
both growth hormone and prolactin are equally effective in stimulating the
mammary gland. The incidence of the tumors in any strain may be increased by
estrogen treatment or by transplantation of extra pituitary glands into an
animal, or by prolactin-secreting pituitary tumors. The incidence of development
of new tumors may be reduced by treatment with ergocornine or 2-bromo-a-
ergokryptine and existing tumors may be reduced in size, strongly suggesting
that some at least of these tumors are hormone dependent. Prolactin may poten-
tiate the development of virus-induced tumors. (Boot, 1970: Bruni, Montemurro,
1971: Furth, 1969, 1972: Muhlbock, Boot, 1967: Nagasawa, Yanai, Iwahashi,
Fujimoto, Kuretani, 1967: Nandi, Bern, 1960: Yanai, Nagasawa, 1970a, 1970b,
1971, 1972.)

Mammary tumors in rats

There is more information about this species than about any other, partly
because several methods are available for reliably obtaining animals with
mammary tumors. The most used are the transplantation of tumors from one
animal to another, the feeding of 3-methylcholanthrene (3MC) and 7, 12-di-

63



Prolactin and Cancer

methylbenz(a)anthracene (DMBA) and the induction of prolactin, ACTH and
growth hormone secreting (mammotropic) tumors by estrogen treatment or
ionizing radiation. Mammotropic tumors may also be transplanted and they
produce a high incidence of mammary tumors in the hosts. All the experimental
tumors are adenocarcinomas. The DMBA ones tend to be secretory and the 3MC
ones to be non-secretory. (Dao, 1968: Furth, 1963: 1969: Furth, Clifton,
Gadsden, Buffet, 1956: Hilf, Goldenberg, Michel, Carrington, Bell, Gruenstein,
Meranze, Shimkin, 1969: Hilf, Michel, Bell, 1967: Huggins, 1965: Huggins,
Briziarelli, Sutton, 1959: Huggins, Grand, Brillantes, 1961.)

The mechanism of cancer induction by the hydrocarbons is unknown. DMBA
does not stimulate prolactin secretion. 3MC does stimulate prolactin secretion
but whether this is an important part of its action is unknown. Old rats of many
strains may develop spontaneous mammary tumors which are usually single and
benign. The incidence of these tumours may be increased by median eminence
lesions which promote prolactin secretion. Old rats tend to have much higher serum
prolactin levels than young ones. (Meites, 1972b: Moon, Young, 1972: Nagasawa,
Yanai, Kuretani, 1968.)

It should be stressed that even in rats by no means all of the tumors which
occur are hormone-dependent. Some are autonomous and continue to grow
irrespective of hormonal manipulations. The discussion which follows refers
only to those tumors which show features of hormone dependency.

Stimulation and inhibition of the pre-existing mammary tumors

The hydrocarbon-induced mammary tumors in rats consistently regress after
hypophysectomy, ovariectomy and adrenalectomy and can be reactivated by
treatment with prolactin or by implantation of a mammotropic tumor. Estrogen
administration may reactivate tumor growth after ovariectomy and adrenalectomy
but not after hypophysectomy, even if thyroid and adrenal steroid replacement
therapy is given. This suggests either that the effect of estrogen depends on
stimulation of secretion of a pituitary hormone, possibly prolactin or growth
hormone, or that the synergistic effect of a pituitary hormone is required at
target organ level. The fact that in intact rats an elevation of prolactin levels can
enhance tumor growth is shown by the fact that median eminence lesions which
probably reduce secretion of other pituitary hormones apart from prolactin may
enhance growth and increase the incidence of both spontaneous and hydocarbon-
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induced tumors. Transplanted pituitaries have a similar effect. Phenothiazines,

reserpine and norethynodrel-mestranol also can promote mammary tumor growth.
The effects of mammotropic tumors which secrete growth hormone and ACTH as
well as prolactin cannot be so specifically related to the concept that prolactin is
the key hormone but at least their promotion of tumor growth is not inconsistent
with the idea. It is clearly difficult to design experiments which will with certainty
distinguish between the possibilities that estrogen promotes tumor growth by
stimulating prolactin release, that it does so by synergising with prolactin at target
organ level or that it does both of these. In culture DNA synthesis in DMBA
induced tumors was not enhanced by estrogen but was enhanced by prolactin. In
vivo, in rats with DMBA tumors, ovariectomy produced tumor regression: median
eminence lesions which elevated prolactin secretion prevented further regression
but did not cause resumption of growth: transplantation of ovaries caused growth
to restart. In intact rats median eminence lesions promoted tumor growth: the
tumors regressed after ovariectomy even though prolactin levels remained high:
ovarian implants caused regrowth. Hypophysectomy of rats with DMBA tumors,
however, caused tumor regression which could not be reversed by estrogens. It
seems possible therefore that prolactin alone may have some effect in maintaining
a tumor while estrogen alone does not: the maximum effect may occur only with
estrogen plus prolactin. The evidence is therefore in favour of the concept that
estrogen promotes tumor growth partly by synergising with prolactin at the
mammary level. (Bates, Milkovic, Garrison, 1962: Clemens, Welsch, Meites, 1968:
Dao, Sinha, 1972: Hilf, Bell, Goldenberg, Michel, 1971: Hilf, Bell, Michel, 1967:
Huggins, Briziarelli, Sutton, 1959: Ito, Martin, Grindeland, Takizawa, Furth,
1971: Kim, Furth, 1960a, 1960b, 1960c: Kim, Furth, Clifton, 1960: Kim, Furth,
Yannopoulos, 1963: Kwa, Van der Gugten, Sala, Verhofstad, 1972: Kwa,

Van der Gugten, Verhofstad, 1969: McCormick, Moon, 1967: Meites, 1972:
Mizuno, Talwalker, Meites, 1964: Nagasawa, 1971a, 1971b: Pearson, Llerena,
Llerena, Molina, Butler, 1969: Pearson, Murray, Mozaffarian, Pensky, 1972:
Sterental, Dominquez, Weisman, Pearson, 1963: Takizawa, Furth, Furth,

1970: Talwalker, Meites, Mizuno, 1964: Welsch, Clemens, Meites, 1968, 1969:
Welsch, Jenkins, Meites, 1970: Welsch, Meites, 1969, 1970: Welsch, Rivera,
1972: Yokoro, Furth, Haran-Ghera, 1961.)

Other steroids have been studied much less intensively than the estrogens.
This is disappointing especially in view of the stimulation of progesterone and
adrenal androgen secretion which may be brought about by prolactin. Androgens

65



Prolactin and Cancer

have been reported to inhibit rat mammary tumor growth possibly by a direct
action on the mammary gland. The few reports on progesterone both in

vitro and in vivo suggest that it has quite a strong synergistic action with prolactin
in stimulating growth of tumor tissue. (Dao, Sinha, 1972: Hilf, Michel, Bell,
Freeman, Borman, 1965: Huggins, Briziarelli, Sutton, 1959: Kim, 1965: Koyama,
Sinha, Dao, 1972: McCormick, Moon, 1967: Meites, 1972b.)

In contrast to all the reports describing estrogen stimulation of mammary tumor
growth, there is an almost equal number describing estrogen inhibition of mammary
tumor growth. A relatively consistent pattern has emerged with low to moderate
estrogen doses stimulating growth and high estrogen doses inhibiting it even in
the presence of high prolactin levels. High doses of progesterone may synergise
with estrogen in slowing growth. In most cases, the estrogen inhibition could be
overcome with exogenous prolactin injections or with-treatments which pushed
prolactin levels still higher suggesting the possibility that estrogen was inhibiting
competitively a prolactin effect on the target organ. Pregnancy has also been
reported to inhibit growth of and even to destroy completely DMBA-induced
tumors but may enhance development of 3MC induced tumors. With some
transplantable tumor lines, even prolactin itself has been reported to inhibit
growth of the tumor: the inhibition occurred at the same time as the stimu-
lation of normal mammary tissue. (Dao, 1971: Hilf, 1972: Hilf, Bell, Michel,

1967: Hilf, Michel, Bell, Freeman, Borman, 1965: Huggins, 1965: Huggins, Grand,
Brillantes, 1961: Kim, 1965: Kim, Furth, Yannopoulos, 1963: Meites, 1972a,
1972b: Meites, Cassell, Clark, 1971: Nagasawa, Yanai, 1971, 1972: Pearson,
Murray, Mozaffarian, Pensky, 1972.)

Drugs which suppress prolactin secretion, notably the ergot alkaloids, ergocor-
nine and CB 154 have been reported to bring about regression of spontaneous
and DMBA-induced tumors and to stop the growth without producing regression
of transplanted tumors. Prolactin antiserum also inhibited DMBA tumor growth.
(Cassell, Meites, Welsch, 1971: Clemens, Shaar, 1972: Heuson, Waelbroeck-van Gaver,
Legros, 1970: Nagasawa, Meites, 1970: Pearson, Murray, Mozaffarian, Pensky,
1972: Quadri, Meites, 1971: Singh, Meites, Halmi, Kortright, Brennan, 1972:
Stahelin, Burckhardt-Vischer, Fluckiger, 1971: Van der Gugten, 1971.)

Induction of mammary tumors in rats

There seem to be considerable differences between the effects of hormonal
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manipulations on the growth of established tumors just discussed and their

effects on the induction of new tumors. As might be expected, median eminence
lesions and additional pituitary grafts increase the incidence of spontaneous
mammary tumors in old rats. Either ovariectomy or hypophysectomy before
tumors develop may greatly reduce the incidence of spontaneous or hydrocarbon-
induced tumors. Treatment with ergot alkaloids has a similar but smaller effect.
Prolactin alone does not appear able to reverse the inhibitory action of ovariectomy
on tumor induction but prolactin and growth hormone given together can partially
reverse it. Estrogen alone can also partially reverse the ovariectomy effect. These
experiments suggest that prolactin, growth hormone, estrogen, and possibly
another ovarian hormone (perhaps progesterone) may be required for the induction
of hydrocarbon-induced tumors. (Clemens, Shaar, 1972:Heuson, Waelbroeck-van
Gaver, Legros, 1970: Meites, 1972a: Stahelin, Burckhardt-Vischer, Fluckiger,
1971: Talwalker, Meites, Mizuno, 1964: Welsch, Jenkins, Meites, 1970.)

In vivid contrast, there exists an impressive series of observations which
suggests that while high levels of prolactin stimulate the growth of existing
hydrocarbon-induced tumors, if they are present before or at the time of treatment
with the carcinogen, the induction of tumors is inhibited. In one experiment
95% of rats treated with DMBA developed mammary tumors: median eminence
lesions made well after the DMBA treatment enhanced the growth of the tumors
but when median eminence lesions were made before DMBA treatment only 30%
of the animals developed tumors. With 3MC-induced tumors, pregnancy occurring
after treatment enhanced tumor growth but 3MC treatment during pregnancy
produced significantly fewer tumors than in controls. Treatment with reserpine or
norethynodrel-mestranol or implantation of multiple pituitary grafts had similar
effects on DMBA tumors: when given before the DMBA, tumor induction was
inhibited but when given after tumor induction growth was stimulated. None of
these experiments is completely “clean” in the sense that prolactin can be
specifically identified in any one case as the factor responsible for inhibiting tumor
induction. However the only thing the various procedures have in common is
stimulation of prolactin secretion and this field would seem to deserve more study
than has been devoted to it. (Clemens, Welsch, Meites, 1968: Dao, 1971 : Huggins,
1965: Welsch, Clemens, Meites, 1968: Welsch, Meites, 1969: Welsch, Meites, 1970.)

Other animal tumors and prolactin

The only other tumors on which the effect of prolactin itself has been studied
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appear to be liver tumors induced by aniline dye feeding or by tumor cell
injections. Prolactin had no effect on the dye induced tumors or on the injected
tumors in males. In intact females prolactin increased the size but not the incidence
of hepatic tumors following cell injection and in hypophysectomised females it
increased both the size and the incidence. (De Prospo, 1967: Fisher, 1963, 1966.)

There are a number of reports of inhibition of tumor growth by chlorpromazine
and reserpine but whether this.has anything to do with prolactin is a matter for
conjecture. In mice reserpine caused regression and even disappearance of leukemic
cell tumours: it also caused severe “depression” and loss of appetite. Relief of
the “depression” with amphetamine did not affect the anti-tumor action.
Starvation of animals not treated with reserpine did nof prevent tumor growth.
Again in mice, the size and number of mastocytomas developing after malignant
mast cell injection were reduced by chlorpromazine. Chlorpromazine inhibited
mouse melanoma growth and locally applied chlorpromazine inhibited DMBA-
induced cheek pouch tumors in hamsters. Both reserpine and chlorpromazine
inhibited growth of implanted mouse sarcomas. (Belkin, Hardy, 1957: Csatary,
1972: Goldin, Burton, Humphreys, Venditti, 1957: Gottlieb, Hazel, Broitman,
Zamchek, 1960: Levij, Polliack, 1970: Van Woert, Palmer, 1969.)

Breast cancer in humans

There must obviously be uncertainty as to how far findings on experimental tumors
in rats and mice can be applied to man. Unfortunately the majority of rodent
tumors are alveolar and may frequently be secretory while most human tumors

are ductal and virtually never secretory. However, provided that due caution is
applied it would seem appropriate to test in man some of the ideas derived from
animal experiments. (Furth, 1972: Llerena, Llerena, Molina, Butler, Pearson, 1969.)

The findings in human breast cancer are highly complex and in the absence of
studies using radioimmunoassays and effective doses of prolactin-inhibiting drugs
it is difficult to draw any firm conclusions. The main findings seem to be as follows:-

1. There appear to be two main groups of patients who are susceptible to breast
cancer. Women with low androsterone and aetiocholanolone excretion, who tend
to be infertile, to have anovulatory cycles and low estrogen levels tend to develop
tumors which are hormone independent. Women with elevated aetiocholanolone
excretion tend to be obese and “feminine” to have high estrogen levels and to
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respond to ovariectomy or hypophysectomy. (Bulbrook, Haywood, Spicer, 1971:
Bulbrook, Wang, Swain, 1972.)

2. Hypophysectomy appears to give superior results to ovariectomy with or with-
out adrenalectomy. (Atkins, Bulbrook, Falconer, Haywood, Maclean, Schurr,

1968: Murray, Mozaffarian, Pearson, 1972: Pearson, Ray, 1969.)

3. Women with breast cancer tend to have increased sebaceous gland activity.
Increased activity may perhaps be produced by prolactin but is more likely to be
caused by MSH. However MSH levels and prolactin levels seem to be usually

elevated together. (Bulbrook, Wang, Swain, 1972: Friesen, 1972b: Krant, Brandrup,
Greene, Pochi, Strauss, 1968: Shuster, Thody, Goolamali, Burton, Plummer,

Bates, 1973.)

4. Bioassay using the pigeon crop method has suggested that prolactin levels may
be elevated in breast cancer patients but Turkington et al using a different bioassay
failed to confirm this. (Berle, Voigt, 1972: Turkington, Underwood, Van Wyck,
1971.)

5. Treatment with L-dopa tends to reduce prolactin levels without suppressing
prolactin secretion completely. Several preliminary reports have hinted that L-dopa
treatment may produce objective remission in some patients with breast cancer.
L-dopa has been reported to be particularly effective in relieving bone pain.
(Friesen, Hwang, Guyda, Tolis, Tyson, Myers, 1972: Minton, Dickey, 1972:
Murray, Mozaffarian, Pearson, 1972: Papaioannou, 1972: Stoll, 1972.)

6. Normal individuals may respond to prolactin injections by increased urinary
excretion of calcium. It has been reported that prolactin injected into women with
breast cancer and metastases in bone makes them excrete more calcium than normal if th
tumor is hormone-dependent but not if it is hormone-independent. Estrogen has

also been reported to increase calcium excretion in women with hormone-dependent
tumors. A possible interpretation is that injected prolactin or estrogen-stimulated
prolactin increase osteolysis. In contrast another report could find no effect on

calcium excretion or on tumor growth following ovine prolactin injections.

(Lipsett, Bergenstal, 1960:McCalister, Welbourn, 1962: Pearson, West, Hollander,
Treves, 1954.)
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7. There is a possibility that long continued estrogen therapy in males may lead to
mammary cancer. Some but not all males so treated have elevated prolactin levels.
(Friesen, 1972b: Furth, 1972.)

8. Until recently attempts to demonstrate prolactin dependence of human breast
cancer tissue cultured in vitro were unsuccessful. However success has been claimed
for a new method which uses the activity of the pentose shunt pathway asits end
point. Sixteen out of 50 human breast cancers appeared to be prolactin-dependent.
If this method can accurately predict the response to hypophysectomy or to
prolactin-suppressing drugs it should be a considerable advance. (Barker, Richmond,
1971a, 1971b: Furth, 1972: Salih, Flax, Brander, Hobbs, 1972.)

All that can therefore be said at this stage is that some human breast cancers may
be prolactin dependent. But as with hydrocarbon-induced tumors in rats there is
some evidence that prolactin may actually have a protective effect against breast
cancer. The difference between breast cancer incidence in nulliparous and other
women is well-known. When pregnancy occurs subsequent to treatment of human
breast cancer, the 5-year survival rate is significantly improved. Pituitary stalk
section in mammary cancer frequently leads to objective remission, particularly
when the stalk section is followed by galactorrthea. Estrogen treatment may exert
part of its effect through stimulation of prolactin secretion. As early as 1954 it
was noted that stimulation of normal breast tissue by estrogen might be associated
with cancer remission. Lemon has advocated the view that estriol deficiency may
be associated with breast cancer: 21% of controls but 62% of untreated breast
cancer patients had subnormal estriol excretion. Estriol treatment may produce
remission: the effect may be direct but the possibility of an indirect action via
prolactin should not be ignored. (Ehni, Eckles, 1959: Huseby, Thomas, 1954:
Lemon, 1973: Peters, 1968.)

Prolactin and prostatic cancer

The possibility that the prostate may be one of prolactin’s target organs has
stimulated thought about the possibility of a role for prolactin in the initiation
and growth of prostatic cancer. Bioassay studies of urinary prolactin have

been reported as showing elevated levels of excretion in patients with malignant
prostatic disease, with more prolactin being excreted the more advanced the
disease. Using plasma radioimmunoassay two patients with benign prostatic
hypertrophy were found to have normal levels of plasma prolactin pre-operatively
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while two with prostatic carcinoma had slightly elevated levels: post-operatively
levels fell in three of the four patients suggesting the possibility of a stress-induced
pre-operative rise. The relative success of estrogen therapy in reducing the death rate
from prostatic cancer and improving patient well-being indicates that the rise

in prolactin levels does not overwhelm the (presumed) local action of estrogen on
the prostate. Again the possibility that prolactin may have an anti-cancer action
cannot be excluded: in a group of 47 patients treated with both reserpine and
estrogen who might have been expected to have very substantially elevated prolactin
levels, the death rate from prostatic cancer was markedly less than in those treated
with estrogen alone. (Asano, 1962, 1965: Farnsworth, 1972: Friesen, 1972b:
Newball, Byar, 1972: Veterans Administration, 1967.)
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Chapter 12

PROLACTIN AND FLUID AND
ELECTROLYTE BALANCE AND THE
CARDIOVASCULAR SYSTEM

In sub-mammalian vertebrates prolactin seems to be a key hormone in the regu-
lation of fluid and electrolyte balance and there is now substantial evidence that it
plays a similar role in mammals as well. (Nicoll, Bern, 1972: Nicoll, Bryant, 1972.)

Lockett and co-workers were the first to draw attention to the renal effect of
prolactin in mammals. They used a perfused cat kidney preparation so arranged
that the blood could either be excluded from the head of the cat or be allowed to
flow through the head. When the blood was allowed to flow through the head
aldosterone had its usual action in the kidney of reducing sodium and water
excretion. In contrast when the head was excluded from the circuit aldosterone
actually increased renal sodium and potassium excretion. In hypophysectomised
rats aldosterone also increased sodium and water excretion. The more usual
sodium and water retaining action of aldosterone could be restored in both the
perfused kidneys and the rats by treatment with prolactin or growth hormone
or oxytocin. In the perfused cat kidneys bovine prolactin caused a very transient
increase in sodium and water excretion followed by a prolonged period of
reduction of sodium, potassium and water excretion. The reduced fluid and
electrolyte excretion could not be accounted for by reduction in renal blood flow
or glomerular filtration rate since both were increased by the prolactin. (Davey,
Lockett, 1960: Lockett, 1965: Lockett, Nail, 1965: Lockett, Roberts, 1963.)

Burstyn et al attempted to reproduce Lockett’s findings in intact sheep. They
reasoned that if the sodium-losing action of aldosterone were to have any physiol-
ogical role it should become apparent in animals on a very high salt intake. A
basically simple experimental design was used in which urine was collected from
the animals from 12.00 to 14.00 and from 14.00 to 16.00 hours each day. On
alternate days injections of aldosterone were given by an indwelling jugular
venous cannula at 13.30: it was reasoned that since aldosteronc takes about
30 minutes to begin its renal effects they would start at about 14.00 hours and the
second collection period would be under the influence of aldosterone. Control
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saline injections were given on the other days at 13.30: on control days renal
excretion of water, sodium and potassium was very similar during the two
collection periods. During an initial period when the animals were maintained on

a sodium intake of approximately 100 mEq/day aldosterone had its usual sodium
and water retaining effect. On increasing the sodium intake to 400 mEq/day the
sodium retaining action was abolished and in all but one animal aldosterone
actually increased sodium excretion. When the animals were treated with 5 mg
prolactin given as a single intramuscular injection at 08.00 hours, four hours
before the beginning of the first collection period, or with oxytocin given hourly
during the collection period, the sodium retaining effect of aldosterone was restored.
The one animal which failed to respond to the high sodium intake by completely
reversing its response to aldosterone curiously enough had for an unknown reason,
a strikingly elevated jugular venous pressure. (Burstyn, Horrobin, Manku, 1972))

The sheep treated for 8 days with the very high sodium intake of 400 mEq/day
appeared to cope very satisfactorily with this situation: their total weight gain during
this period was about 2% and was not significant. In contrast, when the single daily
injection of prolactin was added to the regime they put on weight rapidly and
became clinically edematous within two days: after four days their weight was 10%
above its starting level. On stopping the prolactin the excess weight was lost
rapidly: oxytocin stopped the fall but did not reverse it and on stopping the oxytocin
the animals’ original weight was regained within 24 days. (Burstyn, Horrobin, Manku,
1972.)

Soffer et al demonstrated in the 1940’s that in patients with Cushing’s syndrome,
DOCA tended to promote salt excretion rather than salt retention. We wondered
whether treatment with high doses of cortisol might reverse the action of aldos-
terone in sheep. Using an experiment of similar design to the one described in
the last paragraph we treated the sheep with 150 mg cortisol per day instead of
giving them a 400 mEq/day salt intake. Like the high salt intake, the cortisol
treatment reversed the action of aldosterone: again the usual action of aldosterone
could be restored by prolactin. (Horrobin, Manku, Burstyn, 1973: Soffer, Lesnick,
Sorkin, Sobotka, Jacobs, 1944.)

Since ADH does not always exert its expected water-retaining effect we specula-
ted that there might be similar relationships between ADH, cortisol, oxytocin

and prolactin as exist between aldosterone and the other three hormones. Again
a similar design of experiment was used but this time arginine-vasopressin was
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injected at 14.00 hours on separate days. In the control period the vasopressin
(15 mp) exerted its expected water-retaining action but cortisol treatment first
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FIG. 3. Mean percentage changes in 24 hour sodium and potassium excretion in eight rabbits.
For each animal the 100% value was based on mean 24 hour excretion during a two week
preliminary study. Each point represents one day and the bars represent standard errors of

the mean. D indicates a day on which DOCA was injected. C indicates a period when only
cortisol without prolactin was given to the animals. During the first and last periods the
animals received no treatment apart from the test injections of DOCA. Prolactin caused sodium
and potassium retention as well as restoring the “normal” action of DOCA in the cortisol
treated animals.
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abolished and then completely reversed this. Both prolactin and oxytocin could
restore the water-retaining action of the ADH. (Horrobin, Manku, Robertshaw,
1973.)

The reversal of mineralocorticoid action was also shown in rabbits. This time
24 hour urine collections were made. The experiment started with a 2 week control
period and during this time the mean daily water, sodium and potassium excretions
were noted for each animal. For each rabbit these mean values were taken as 100%
and during the remainder of the experiment daily water, sodium and potassium
excretions were expressed as percentages of the control values. Intramuscular
injections of 0.5 mg DOCA were given, usually at the beginning of every third
collection period. Initially, when the rabbits were not receiving any other treatment,
DOCA caused the expected sodium retention. Cortisol treatment (10 mg intramus-
cularly twice daily) converted DOCA from a sodium-retaining to a saluretic
substance. Prolactin restored the sodium-retaining effect and on stopping the
prolactin while continuing the cortisol the sodium-losing action again reappeared.
On stopping the cortisol the sodium-retaining action of the DOCA was quickly
restored. (Horrobin, Manku, Muriuki, Burstyn, 1973.)

In humans the intramuscular injection of prolactin reduced urinary excretion of
sodium, potassium and water. Part of the reduction in water excretion appeared to
be due to a stimulation of ADH excretion since a substance which was probably
ADH appeared in the urine after prolactin injection even in very well hydrated
individuals: part of the reduction in water excretion could not be accounted for
on this basis. Prolactin produced small but consistent elevations in plasma sodium
concentration and plasma osmolality. The first trials of prolactin were carried out
on a double blind basis with both experimenter and volunteers unaware as to
whether prolactin or saline was being injected. The volunteers were asked to
record subjective sensations and four out of five noticed thirst after prolactin but
not after control injections: the fifth man experienced a craving for salt. This
may have relevance to the increase in water and salt intake which has been
recorded in lactating animals and suggests that prolactin could be one of the
mediators of the sensations of thirst and appetite. Ovine prolactin has been reported
to increase water intake in rats. Four of the five subjects also complained of
muscle aches, lethargy and irritability after prolactin injections. (Blair-West,
Coghlan, Denton, Funder, Nelson, Scoggins, Wright, 1970: Ensor, Edmondson,
Phillips, 1972: Horrobin, Lloyd, Lipton, Burstyn, Durkin, Muiruri, 1971: Manku,
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Horrobin, Burstyn, 1972.)
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FIG. 4. Absolute changes in water excretion in six sheep. The “normally hydrated” animals
were allowed free access to water while the “dehydrated” ones were maintained in a hot room
and allowed only restricted access to water. Each group of three points represents successive
two hour collection periods on the same day: in each group of three the first period was with-
out the influence of exogenous hormone, the second two were under the influence of
exogenous hormone. Bars represent standard errors of the mean. C indicates a control day
when saline was injected, A a day when aldosterone was injected intravenously and P a

day when prolactin was injected intramuscularly.
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FIG.5. Absolute changes in sodium excretion in six sheep. Details as for fig. 4. Note the
reduced sodium excretion in the dehydrated animals with the complete absence of overlap
in absolute excretion between the two groups.
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The relative effects of aldosterone and prolactin on renal excretion have been
compared in normally hydrated sheep with free access to water and in sheep
maintained in a hot room (30°C dry bulb and 20°C wet bulb temperature) with
limited access to water. On each day urine collections were made for three
successive 2-hour periods. On successive days injections of either saline (Iml 1V
intravenously 1.30 hours after the start of the first collection period), aldosterone
(500 ug 1V 1.30 hours after the start of the first collection period)

or prolactin (5 mg IM 1 hour after the start of the first collection period) were given
Previous experience with sheep had indicated that intravenous aldosterone has a
demonstrable effect on renal function only after about 30 minutes while the

effect of intramuscular prolactin takes an hour to develop: the idea was that renal
actions of both hormones should begin at the start of the second collection period.
The control injections had no effect on sodium, potassium or water excretion in
either normally hydrated or dehydrated animals. Aldosterone had no significant
effects on water or potassium excretion: in the normally hydrated animals it

caused clear cut sodium retention but this action was barely apparent in the
dehydrated sheep. Prolactin had no significant effect on potassium excretion al-
though there was a tendency for this to be reduced. It caused a very small reduction
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FIG. 6. Absolute changes in potassium excretion in six sheep. Details as for fig. 4. Note the
increased potassium excretion in the dehydrated animals which with their reduced sodium
excretion strongly suggests elevated levels of aldosterone secretion.
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of water excretion in the normally hydrated animals but had a much greater

effect in the dehydrated animals. It reduced sodium excretion by a small amount
in the normal animals but virtually stopped sodium excretion in the dehydrated
animals. The main observations to be explained are therefore the loss of effect of
aldosterone on sodium excretion in the dehydrated animals and the enhancement
of the actions of prolactin on both water and sodium excretion. We feel that in

the dehydrated animals aldosterone levels may have been so high (unfortunately we
were not in a position to measure them) that all renal receptors were saturated and
therefore the additional exogenous aldosterone had no effect. We also feel that
while prolactin may have some renal actions in its own right, the major part of its
effect is due to the modulation of the actions of aldosterone and ADH at renal
level. If this is so then the higher the renal concentrations of aldosterone and ADH
the greater effect should prolactin have. In rats it has been shown that dehydration
causes a reduction in pituitary prolactin content suggesting release of the hormone.
Water deprivation in cows has been reported to raise serum prolactin levels. (Ensor,
Edmondson, Phillips, 1972: Manku, Horrobin, Robertshaw, 1973: Raud, Kiddy,
Odell, 1972.)

Information about the role of prolactin in human disorders of fluid and electro-
lyte balance is scanty. In patients with advanced renal failure serum prolactin was
grossly elevated in 20% of cases and at the upper end of the normal range in
.others. Hemodialysis produced no significant change in these levels but they
usually fell after transplantation, suggesting either that the kidney inactivates
prolactin or that some renal product such as renin stimulates its secretion. In
patients dying of hepatic cirrhosis the prolactin-secreting cells of the pituitary
were consistently hypertrophied. One patient with malnutrition, edema and loss
of appetite had high prolactin levels: on treatment with L-dopa prolactin levels fell
to normal, and a diuresis ensued with loss of edema and, after three weeks,
restoration of appetite. In some patients with fluctuating galactorrhea edema seems
to develop with lactation and to subside with lactation ceases. In conjunction with
the Tenovus Institute in Cardiff we are beginning a systematic study of prolactin
levels in disorders of fluid and electrolyte balance: preliminary indications are
that prolactin plasma levels are elevated in patients with edema due to congestive
cardiac failure or liver failure. It is conceivable that the edema which occurs in
some patients on reserpine could be related to stimulation of prolactin secretion. (Fries:
Hwang, Guyda, Tolis, Tyson, Myers, 1972: Jarvik, 1970: Lunn, Cole, Boyns,
Nassar, Horrobin, 1973: Pasteels, Gausset, Danguy, Ectors, 1972: Turkington,
1972¢, 1972d.)

78



Prolactin and Fluid and Electrolyte Balance and the Cardiovascular System

As yet there have been few reports on the effects of prolactin-suppressing drugs

on fluid and electrolyte balance. L-dopa has been reported to increase fluid and
electrolyte excretion in a human. In rats 2-bromo-a-ergokryptine increased

urinary excretion of sodium, potassium and water and in preliminary experiments
in sheen we have shown that it appears to convert aldosterone from a sodium-
retaining to a sodium-losing hormone. (Manku, Horrobin, 1973: Richardson, 1973:
Turkington, 1972c¢.)

Effects of prolactin on cardiac output and blood pressure

Bryant et al reported that in rats 2.5 mg/day of prolactin given for three weeks
reduced arterial pressure by about 20% and increased blood volume by about the
same amount. Also in rats removal of pups from a lactating mother led to a fall

in cardiac output which could be completely prevented by a single injection of

3 mg prolactin given at the time of separation. Prolactin elevated cardiac output in
virgin rats. These doses were, of course, enormous since S mg prolactin in man or
sheep can produce effects on renal functions which last for 12-24 hours. In
decerebrate rabbits, very much smaller amounts of prolactin elevated arterial
pressure when given by intravenous infusion. 10 pg/kg/hr produced a mean 8%
rise after 4 hours, 20 pg/kg/hr produced a mean 19% rise and 50 pg/kg/hr produced
a mean 42% rise. Clearly much more work is required in this area. (Bryant,

Douglas, Ashburn, 1971: Hanwell, Linzell, 1972: Horrobin, Manku, Burstyn, 1973).
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Chapter 13

OTHER EFFECTS OF PROLACTIN

Prolactin has been observed to have effects on a number of other systems but as
yet the information in each case is relatively sparse.

Red and white blood cells

In [actating mice red cell volume and erythropoietin activity are elevated. In non-
pregnant mice, whether intact or castrated, prolactin stimulated red cell synthesis
and the incorporation of radioactive iron into red cells. It appeared to potentiate
the effect of erythropoietin. In dwarf mice, which are anemic and prolactin
deficient, prolactin also stimulated red cell synthesis. It has been suggested that
fetal hemoglobin synthesis may be partially under the control of prolactin. In
adult hamsters both prolactin and perphenazine treatment led to the synthesis of
small amounts of fetal hemoglobin.: growth liormone had an equivocal effect and
human placental lactogen had no effect. In rats prolactin was reported to elevate
neutrophil and eosinophil counts and to decrease lymphocyte counts. (Davis, Bull,
1971: Jepson, Lowenstein, 1964, 1965, 1967: Martinazzi, Baroni, 1962: Stupnicki,
Stupnicka, Domanski, 1960.)

Gut

I 'have been able to find only one paper on the effect of ovine prolactin on the
mammalian gut although in some fish it seems to be established that prolactin can
decrease gut absorption of water and ions. In rats everted sacs were prepared from
various levels of the small intestine for incubation in vitro. Prolactin (0.5 mg) was
injected into the animals 24 or 48 hours before removal of the intestinal éegments:
it seemed to potentiate water uptake and the more proximal segments were more
sensitive. After bilateral adrenalectomy/nephrectomy the prolactin was effective at
all levels of the gut. Prolactin had no effect when added in vitro, suggesting that
the action may be long term. (Ramsey, Bern, 1972.)
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Arthritis

In hypophysectomised or adrenalectomised rats growth hormone given alone had no
effects on joints while prolactin produced a mild arthritis. Prolactin given with

growth hormone, however, consistently produced severe arthritis after 10-20 days
treatment. The periarticular tissues became edematous and inflamed with infiltrat-
ion of white cells, mostly mononuclear phagocytes. The synovial membranes some-
times protrude into the joint cavity. Any joint could be affected but the small joints
especially those of the paws, were most consistently attacked. (Jasmin, Bois, 1959a,
1959b.)

In contrast, Ingvarsson has reported favorably on the use of prolactin in
rheumatoid arthritis. Some patients seemed to respond dramatically to prolactin
injections but in some the disease was exacerbated and one patient developed
hematuria. The trial design did not exclude a placebo effect. (Ingvarsson, 1969.)

Prolactin and albuminuria

In old rats there is a tendency to develop a form of nephrotic syndrome with severe
albuminuria. A similar but much more dramatic condition occurs in younger animals
with prolactin-secreting tumors. In old rats there is a tendency for prolactin levels

to be high. Prolonged treatment of rats with 2-bromo-a-ergokryptine has been
reported to reduce greatly the incidence and severity of the spontaneous kidney
lesions and albuminuria. In contrast, prolactin has been reported to exert a
protective action on the renal damage in rats which may follow total renal ischaemia
for 1 hour. (Clemens, Meites, 1971 Furth, Clifton, Gadsen, Buffet, 1956: Kohnlein,
Bianchi, Biermann, 1966: Richardson, 1973))

Prolactin and calcium metabolism

It has been known for some time that humans given injections of prolactin may
respond by increased calcium excretion in the urine. Rats may also respond the
same way and chronic treatment with 2-bromo-a-ergokryptine, the prolactin
suppressing drug, reduced urinary calcium excretion. Possible other connections
with calcium metabolism are found in sarcoid, and in metastatic breast and
prostatic cancer: in all these conditions elevations of both plasma calcium and
prolactin levels have been reported. In breast cancer it has been suggested that a
large hypercalciuric response to injections of ovine prolactin may indicate hormone
responsiveness of the tumor. It has been usually assumed that in both prostatic and
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Other Effects of Prolactin

breast cancer elevated prolactin levels may play a causative role. However if prolac-
tin increases calcium excretion it is conceivable that it could help to prevent
excessive rises in plasma calcium in patients with osteolytic lesions. In this case the
elevated prolactin levels might be a response to the bony involvement rather than a
cause of the disease. {Asano, 1962: Farnsworth, 1972: McCalister, Welbourn, 1962:
McGarry, Beck, 1962, 1972: Schussler, Verso, Nemoto, 1972: Richardson, 1973:
Turkington, MacIndoe, 1972.)

Prolactin and polyarteritis nodosa

About 10% of old rats develop lesions which are virtually indistinguishable from those
of human polyarteritis nodosa. In old rats prolactin levels are elevated. Similar
lessions may be provoked in young rats by estrogen treatment which also elevates
prolactin secretion. The possibility that prolactin is involved in the formation of
these lesions should therefore be considered. (Clemens, Meites, 1971: Cutts,

1966.)

Prolactin arid the immune system

There seems to be an almost total absence of any work on prolactin and the immune
system. Prolactin, like growth hormone, oxytocin, parathyroid hormone and
vasopressin has been reported to stimulate mitotic activity of rat thymocyte pop-
ulations in vitro. Aatiserum to placental lactogen has some anti-lymphocytic

action. There is of course a vast literature on the effect of pregnancy and of drugs
like the phenothiazines and reserpine on the immune response but so far the
possibility that prolactin may be involved does not appear to have been tested.
(Whitfield, Perris, Youdale, 1960: Yamini, Chard, Blake, 1972.)

Prolactin and the pineal

The pineal is the major source of melatonin and light has been shown to be one of
the factors controlling melatonin manufacture: darkness seems to promote melaton-
in synthesis and light to inhibit it. Melatonin injected into the 3rd ventricle of rats
stimulated prolactin secretion: melatonin had no effect when infused directly into
the anterior pituitary suggesting that its effect was mediated by releasing or
inhibiting factors. Pinealectomy produced a transient elevation of prolactin levels

in the pituitary and a fall in plasma prolactin: the effect lasted less than 4 weeks
when 3-week old rats were pinealectomised, and less than 8 weeks when 8-week

old rats were pinealectomised. Constant illumination of intact rats produced
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similar changes to those seen after pinealectomy while constant darkness
produced a fall in pituitary prolactin content and a rise in plasma prolactin con-
centration. Pinealectomy prevented the effect of constant darkness. Blinding of
rats also depressed pituitary prolactin levels and the effect was prevented by
pinealectomy. Thus it seems that pineal melatonin may stimulate prolactin release.

Since darkness stimulates melatonin synthesis and prolactin release and since high
levels of prolactin as a result of primary hypothyroidism may lead to precocious
puberty, it is conceivable that this mechanism may be involved in the earlier age
of menarche observed in blind girls. (Donofrio, Reiter, 1972: Kamberi, Mical,
Porter, 1971: Relkin, 1972a, 1972b: Relkin, Adachi, Kahan, 1972: Wurtman,
Axelrod, Chu, 1963.)

Prolactin and sebum

The possibility has been raised that prolactin may be involved in sebum production.
However, at least in the intact and hypophysectomised rat no sebotrophic effect

of prolactin has been found. (Nikkari, Valavaara, 1970: Shuster, Thody, Goolamali,
Burton, Plummer, Bates, 1973.)
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Section B: Prolactin and Human Disease

Chapter 14

INTRODUCTION -
HORMONES AND DISEASE

The aim of the first section of this book was to present a concise factual review of
our current knowledge of the physiology and effects of prolactin in mammals. As
far as possible speculation was avoided and little attempt was made to apply to man
findings made in animals. This second section is quite different in purpose. Because
prolactin secretion fluctuates so dramatically in response to a number of stimuli and
because it has such widespread actions on physiological systems it seems possible that
it may play a role in a number of diseases which are not yet very well understood.
Unfortunately at present knowledge of prolactin is limited to a small group of
people many of whom have little interest in clinical applications (except in so far

as they may be used to generate financial support for a project!) The aim of. this
section is therefore to review a number of diseases in which prolactin may perhaps
be involved. In a few of these its importance has already been clearly established
but it others the evidence is as yet fragmentary. In many, however, consideration
of the possible role of prolactin brings a completely new element into research
areas where progress may charitably be described as slow. I have not hesitated to be
frankly speculative in the hope that medical scientists in a whole range of discip-
lines in which prolactin is now never considered may be encouraged to investigate
its role. In contrast to much speculative effort, almost all the hypotheses suggested
are testable by methods currently available. Scientists who do decide to look at
prolactin may also be encouraged by the fact that if either high or low levels are
found to be important in a particular disease process, then safe, orally effective
drugs are already available for stimulating or suppressing prolactin secretion.

This fact adds an almost unique aspect to research on prolactin.

In looking for possible clinical roles of prolactin I have considered particularly
the following factors:
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1. The physiology and effects of prolactin as described in the first section of this
book. Knowledge of these immediately suggests some diseases where prolactin may
be important.

2. The use of drugs such-as phenothiazines and estrogens which are known to
stimulate prolactin secretion. Diseases in which these drugs are helpful might
be suppressed or prevented by the high prolactin levels. The high prolactin

levels might also be involved in syndromes precipitated by use of these drugs.

3. The use of drugs such as L-dopa, glucocorticoids, monoamine oxidase inhibitors
and ergot derivatives which are known to suppress prolactin secretion. Prolactin
might be involved in the diseases in which these drugs are helpful and absence

of prolactin might be a factor in syndromes occurring during treatment with

these drugs.

This section of the book is so written that it can be read alone without the
first section. However the first section will be referred to repeatedly as a source
of information about both the physiology of prolactin and the original papers
which deal with each subject. For the most part only references not mentioned
in section A of the book will be specifically referred to here.

Hormones and .lisease

Before considering the various clinical syndromes individually it seems to me to be
necessary to consider the roles which hormones may play in disease. In parti-
cular I should like to consider the validity of the phrase seen so often in clinical
reports “Levels of hormone X were normal”, with its implied conclusion™ “and
therefore we can rule out the possibility that hormone X may be playing a part

in this patient’s disease’.

Crudely speaking there are two extreme types of disease causation. At one
end of the spectrum are conditions like sickle cell disease which will occur in all
individuals of a particular constitution irrespective of the environment to which
they are exposed. At the other end are conditions like plague which for practical
purposes can be said to occur in all individuals irrespective of constitution into
whose bodies the bacillus gains access: plague will not occur in any individual
who does not harbour the organism. But as every medical student knows (or
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ought to know) the great majority of diseases fall into neither of these two
extreme categories. In most there is a dynamic interaction between an environ-
mental factor (such as exposure to an infective or physical or a chemical agent)
and an individual constitution on which the environmental factor acts.
“Constitution’ itself is of course partly determined by genetic and partly by

other environmental factors. Well known examples of this are the facts that of the
population who at some time act as host to the tubercle bacillus only a proportion
develop tuberculosis or that of the population of heavy smokers only a small
number will develop lung cancer. There can be little doubt that in practical terms
heavy smoking often leads to the development of lung cancer. Yet one could
never come to this conclysion by looking only at a heavy smoking population.
There would be no obvious differences between the majority of heavy smokers
who do not get lung cancer and the minority who do. The relationship between
smoking and lung cancer is apparent only when we compare the occurrence of the
disease in heavy smokers, moderate smokers, light smokers and non-smokers.
Within each of these groups the disease free person may have precisely the

same smoking habits as the diseased one.

The relationship between smoking and lung cancer was relatively easy to prove
because the “abnormal” population of smokers could be readily compared with
a “‘normal” population of non-smokers of the same race living in the same country.
But in some respects a doctor working in say North America or Europe may no
longer be able to compare “normal” and *“‘abnormal” populations because the
“normal” population no longer exists. Changes in lighting, in physical activity
and in diet are all known to produce changes in endocrine status. These changes
are so universal in, say, the USA or the UK, that the so-called “normal” levels of
hormones in the population are almost certainly different from those in populat-
ions of similar races who were alive one thousand years ago. Which one calls
“normal” is largely a semantic problem but there can be little doubt that the
two are different.

This type of approach is undoubtedly more familiar to those doctors who have
worked in the developing countries. For example, in the industrialised world a
great deal of emphasis is placed on the importance of genetic factors in diabetes
mellitus. Yet the doctor in Africa is much more concerned with environmental
ones for he is often fortunate enough to be able to observe two populations
from the same tribe. One retains the traditional way of life and in this group
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diabetes is very rare: the other has adopted a “Western” style of living and the
incidence of diabetes is rising rapidly. By looking at an industralised society
alone, the importance of environmental factors in diabetes is not very easy to
prove conclusively. By looking at changing African societies it can be made
obvious. In Europe and North America clearly almost evéryone is exposed to a
“diabetogenic’” environment: but only those of a particular constitution will
develop diabetes.

In some ways endocrinologists are the most sophisticated of clinical scientists
but in others their conceptual framework is primitive. For the most part they
are limited by a view of endocrine disease as being something like the plague: a
patient who has a particular hormone level must have endocrine disease: another
patient with another hormone level cannot have endocrine disease. This may,
of course, be true but as yet it must be recognised that it is not the self-evident
gospel it so often appears but is a hypothesis which remains to be proven. It is
in fact probably true for practical purposes in the diseases which are now convention-
ally called endocrine. But it may not be true for a host of other diseases where
endocrine factors are now not normally considered but which may in the future
prove to have a hormonal base. It is therefore perhaps worth spelling out some of
the factors which must be considered before endocrine factors can be implicated
or eliminated in disease in the same way as smoking is implicated in lung cancer.

1. The fact that levels of hormone X in sufferers from the disease are within the
normal range seen in those who are free from the disease does not mean that
hormone X is not playing a part in the disease process. If all adults were heavy
smokers, most would not get lung cancer and there would be no difference in
smoking habits between those seen in lung cancer patients and the “normal”
levels seen in disease=free individuals. No one doubts that chloramphenicol can
“cause” marrow aplasia even though it does so in only a minute fraction of

those exposed to the drug. A disease which occurs in only 0.1% of the population
exposed to a particular level of a hormone may still be “caused” by that hormone.

2. If a hormone is playing a part in a disease the disease is likely to become
commoner as hormone levels rise: if the hormone is preventing a disease the

reverse will be true.

3. If a hormone is playing a part in a disease, the disease should become less
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common if the hormone levels are lowered as part of a therapeutic manoeuvre: if
the hormone is helping to prevent a disease the disease will become more common
in this situation.

If the possible roles of hormones in disease are not to be missed it is vital for
endocrinologists to be fully aware of these concepts. They are obviously valid
when considering infectious diseases or side effects of drugs yet for reasons
which I do not really understand they often appear to be greeted as totally
revolutionary in an endocrine context.

“Normal” hormone levels

Hormones come to the attention of clinicians because of their effects on the tissues.
It is the tissue effects which are important and it is therefore the level of

hormone present in the target tissue which is of most concern. Unfortunately as
yet we have no clinically applicable method of measuring the tissue concentration
of any hormone in any target organ. It is therefore necessary to resort to less
desirable alternatives.

Often when a hormone is first studied the methods available are totally inade-
quate for the estimation of the small amounts present in plasma. In the urine
there are often larger amounts of the free hormone and still greater quantities of
its metabolites. It is therefore common to progress from estimations of urinary
excretion of metabolites to estimates of urinary excretion of the free hormone.
Only after great refinement of methodology does it become possible to reach the
Holy Grail which most endocrinologists seek, the ability to measure physiological
quantities of the hormone in a few millilitres of blood. Increasingly, however,
this consummation is being achieved, usually by means of radioimmunoassay.
Unfortunately it is also increasingly apparent that this apparently ultimately
desirable end may be less helpful than had been anticipated. With almost all
hormones, measurements of plasma levels every ten minutes or so over a 24 hour
period have yielded disturbing results: in entirely normal individuals values
fluctuate dramatically and the plot of the results looks like a cross-sectional
relief map of a continent with dramatic peaks, deep troughs and some plateaus.
It is increasingly apparent that while a plasma or serum level which is grossly
abnormal is of value, it is impossible to assess the signiticance of a single reading
which appears to be within or only a little outside the “normal’ range. Unless
one knows whether the sample was taken at a peak or during a trough or during
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a plateau interpretation is fraught with hazard. The importance of this point can
be appreciated only by considering relationships between plasma half life and
tissue half life and the ways in which hormone secretion may be controlled.

Half lives

Some hormones, notably the catecholamines, are rapidly destroyed in the tissues.
The half life of the hormone in the tissues is little longer than its half life in the
plasma: plasma peaks will usually be associated with tissue peaks and plasma

levels will usually be an accurate reflection of tissue levels. With other hormones
however, there is a marked discrepancy between tissue half life and plasma half
life. The hormone is bound by the tissues, there are no specific enzyme systems for
its destruction and its action may be very prolonged. The contrast between tissye
and plasma half life is very marked in the case of prolactin. Plasma half life

ranges from about two to twenty minutes depending on the species and the
physiological state of the individual. In contrast the tissue half life in rabbit
mammary tissue has been reported as being of the order of 40-50 hours. In humans
a single prolactin injection has been shown to have actions on the kidney which
are demonstrable for at least 12-18 hours. In consequence, a single plasma prolactin
peak which is over within a few minutes may have actions on target organs which
may last for hours or even days.

Regulation of hormone secretion

Almost all hormones seem to be regulated by the actions of other hormones or of
metabolic factors operating in the context of a negative feedback system. Two
extreme models for the operation of such a feedback system may be considered:
they provide a surprising amount of insight into clinical and experimental
situations. In order to use a non-emotive example I will illustrate these by
reference to two types of thermostatically controlled water bath with three

basic components, a thermometer for measuring the water temperature, a control
system and a heater for heating the water. In this example, heat is equivalent to a
hormone level. The heat output of the heating system is equivalent to the plasma
level which is the source from which the tissues receive their hormone. The heat
content of the water (i.e. its temperature) is equivalent to the tissue level of the
hormone. In a good, well-insulated water bath, the heat will be lost only slowly,
i.e. the tissue half life will be prolonged.
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With simple thermostats, the control switch is on and the heater is on if the
temperature of the bath is below the set level and the switch is off when the
temperature is above. The operation of the system is all-or-nothing: the heater

is off or it is on with no grades in between. Provided that insulation is good,

the relationship between the heat output from the heater and the temperature of
the bath will be as shown in fig.7 a. When the temperature falls below the set
level the heater will tum on and will quickly elevate the bath temperature. The
heater will then turn off and the added heat will be very slowly dissipated. The
heat content of the bath will thus be kept very nearly constant even though the
heater is turned on for only brief periods with long intervals when it is completely
off.

If the thermostat is then switched to a higher setting so that a temperature
59C higher is required, then the sequence of events shown in the figure will
occur. While the temperature of the bath is being elevated to the new level
there will be a sustained period of heat output. Once the new desired temperature

FIG.7. The operational characteristics of the simple.and complex models of thermostats
discussed in the text. Scales and slopes are entirely arbitrary and have no quantitative
significance. The dotted line indicates the desired temperature and the complete line the
actual temperature of the water. With the complex model the actual and desired temperatures
are the same in the steady state. These models can be used to consider the relationship
between the plasma level of a hormone and its tissue level with the heat output being equiva-
lent to the plasma level and the temperature being equivalent to the tissue level.
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has been attained, however, the pattern of heater function will return to one very
similar to the one before. The only difference will be that the higher bath temp-
erature will result in a slightly greater rate of heat loss. This means that the
heater will have to be turned on a little more frequently than before.

The second much more sophisticated thermostat has an infinitely variable control
switch with an equally variable heating system. The heater output is proportional
partly to the difference between the desired bath temperature and the environmen-
tal temperature and partly to the difference between the desired bath temperature
and the actual bath temperature. If the unit is very sophisticated then the relation-
ship between bath temperature and heat output will be as in figure 7b. Fluctuations
will occur but they will be so small as to be undetectable on the scale shown. The
steady heat loss from the bath will be precisely balanced by a low but steady heat
production. On switching the thermostat to a higher desired temperature, heat
production will initially rise rapidly but will then fall progressively as the bath
temperature approaches the desired level. Eventually the new higher bath temper-
ature will be maintained by a new slightly elevated level of heat output. The
higher level of heat output will be necessary to compensate for the greater heat
loss which will occur as the result of the greater difference between bath and
environmental temperatures.

If the regulation of hormone secretion is similar to the first simple model then
the following conclusions may be drawn:

1. The tissue level of the hormone will depend only on the frequency of pulses
of secretion and on the height of each pulse.

2. Plasma hormone levels in between pulses will be low and no guide whatsoever
to tissue hormone levels.

3. If the setting of the feedback system is changed so that a higher tissue level
of the hormone is required there will be a period of sustained hormone secretion
with plasma levels continuously in the region of those seen at the peak of the
individual pulses.

4. Once the new tissue level has been reached there will be a reversion to tran-
sient pulses of secretion. Neither the basal plasma level between pulses nor the
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height of each individual pulse will be changed: a single plasma determination will
therefore be totally unable to indicate the new higher tissue level of the hormone.
The change in tissue level will be indicated only by the increase in the frequency
of pulses of secretion. If a hormone has a tissue half life of many hours apparently
small changes in pulse frequency may be able to produce large changes in tissue
concentration. The main point to be emphasised is that a high hormone plasma
level is needed only during the period when tissue levels are being raised: once

the elevation has been achieved it can be maintained by an increase in hormone
supply just sufficient to compensate for the increased rate of hormone loss. It is
even possible that with a biological system the rate of hormone loss may not be
altered when tissue levels are elevated: if this is so then after the transient period
of change the new elevated tissue levels will be maintained by the same secretion

rate as before.
If the second model is followed, the conclusions will be as follows:

1. In the steady state, the tissue hormone levels will be proportional to plasma
hormone levels and the latter will be a good guide to the former.

2. If the setting of the feedback system is changed as before than there will be
a period during which the secretion rate is markedly elevated in order to raise the
tissue concentration to the new desired level.

3. As the desired tissue concentration is approached plasma levels of the
hormone will fall but this fall will not indicate a fall in tissue concentration.
Once the right concentration has been reached, then plasma levels, although

they will be higher than before, will be elevated only sufficiently to compensate
for any increased rate of tissue hormone loss occurring as a result of the increased
tissue concentration.

There has in the past been a tendency to assume that the second more complex
model is a relatively accurate picture of the feedback systems by which most
hormones are regulated. But increasingly, determinations of many hormones made
several times per hour over a 24 hour period are showing a pattern of spikes and
troughs rather than a steady plateau. This picture looks much more like the simple
model than the complex one. As almost always truth is likely to lie at neither
extreme and regulation of hormone secretion may turn out to have features
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of both models. However the current evidence clearly points to the idea that the
control systems are closer to the simple on/off all-or-nothing model than to the
more complex sustained release infinitely variable one. For the sake of simplicity
in the discussion I have not discussed the effects of changes in metabolic
clearance rate and plasma half life but these do not affect the principles involved
and can relatively easily be incorporated in the scheme. Broadly speaking an
increase in the metabolic clearance rate and a shortening of the plasma half

life will tend to increase the discrepancies between plasma and tissue levels:
prolongation of the metabolic clearance rate will have the reverse effects.

The most important conclusions which follow from this discussion are as follows:

1. With either model a sustained elevation of tissue hormone concentration can be
achieved by a transient period of obviously elevated plasma levels followed by

a period when although hormone secretion rate may be elevated this will not be
easily detectable by current techniques. In the steady state a particular tissue
concentration can be maintained by a pattern of plasma levels which is sufficient
only to replace loss. It seems probable that the higher the tissue concentration the
higher will be the rate of loss but the difference between rates of tissue loss is
unlikely to be dramatic, especially when the tissue half life is prolonged. If the
first model is near-valid then basal plasma levels before and after the tissue level
change will be virtually the same and the only change will be an increased frequency
of peaks. Even if the second model is correct the plasma levels before and after

a change in tissue level are unlikely to be dramatically different except during the
period of change itself. In practice the difference between the two steady states

is likely to be apparent only if plasma levels are precisely monitored in an
individual over a prolonged period before and after the change. Single plasma
levels are likely to appear within the normal range since it is now obvious that the
normal range for a population is much wider than the normal range for an indivi-
dual within that population.

2. Single plasma samples are very unlikely to give any real indication of hormone
tissue levels unless the values are grossly abnormal. This is especially true if the
first model is anything like correct and if the frequency of plasma level peaks
rather than absolute plasma values is more important in determining tissue
concentrations. It is likely that many individuals whose plasma values seem
within the normal range have elevated tissue levels. The value of single plasma
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determinations is relatively high when the plasma half life and tissue half life
are comparable but decreases sharply if a short plasma half life is associated with
a prolonged tissue half life.

3. Ideally when investigating an individual’s endocrine status plasma samples should
be taken several times an hour over a 24 hour period. This is possible only as a
research and not as a routine clinical procedure. A poor man’s alternative may

be to estimate the 24 hour urinary excretion of the hormone. Provided that renal
function is near normal this may well give a better indication of endocrine status
than single plasma samples. The value of this approach has already been demon-
strated with urinary free cortisol determinations and accurate methods for

looking at urinary excretion of other hormones, including prolactin, are urgently
required.

4. Even more satisfactory would be a method of measuring target organ tissue
concentration suitable for routine clinical use but as yet we seem to be very far
from this.

5. The considerations discussed here should be applied to all aspects of endocrine
physiology and pathophysiology. One particularly striking example is the
hypertension which follows renal artery clamping. There is a brief period when
renin-angiotensin-aldosterone levels are obviously elevated but they then

return almost back to normal. 1t is therefore frequently stated that the
renin-angiotensin-aldosterone system plays little part in chronic renal hypertension
but if the analysis presented here is at all correct this conclusion could be complete-
ly false. Tissue hormone levels might well be elevated even during the chronic phase.

Tissue activity of hormones

Unfortunately, even when accurate ways of measuring the tissue concentrations of
hormones become available the end of the road will not have been reached. The
effect of a particular tissue concentration of the hormone is not constant. It may
vary very considerably depending on the constitutional make-up of the individual,
on the biochemical and metabolic environment and in particular on the overall
pattern of endocrine function. It is increasingly clear that it is almost meaningless
to study one hormone in isolation. The endocrine system functions as an integrated
whole with each hormone having its own actions but simultaneously modifying

the effects of other hormones. Prolactin, for example, is involved in some of the
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most dramatic effects of this type. Aldosterone “normally” reduces renal sodium
excretion. Treatment with a high salt intake, with cortisol or with the suppressor of
prolactin secretion, 2-bromo-a-ergokryptine all first of all abolish the action of
aldosterone on renal function and then revese it so that aldosterone becomes a
hormone which promotes sodium loss. Prolactin will then restore the “normal”
salt-retaining effect. Thus depending on the biochemical and endocrine environ-
ment the same amount of exogenous aldosterone may cause sodium retention,
have no effect on sodium excretion or cause sodium loss. In this sort of situation

it is therefore meaninless to say simply the plasma or tissue level of aldosterone
was X ng/ml in the belief that this figure will give some indication of what
aldosterone is doing to renal function in that individual. X ng/ml may cause
sodium loss, have no effect or cause sodium retention. What is therefore required
is not only an estimate of tissue concentration but also an estimate of the
biological activity of the hormone in the particular system under consideration

in the individual from whom the sample was taken. In the case of aldosterone,

for example, it might be possible to take a tissue or a blood sample and then to
inject a dose of the hormone in order to estimate the biological effect of a standard
amount. Ideally also a standard amount of a specific aldosterone inhibitor shoutd
also be tested in order to investigate the effects of both lowering and raising the
effective concentration of the hormone. Since there are presumably a finite number
of hormone receptors on a tissue, one which was saturated with a hormone would
fail to respond to an exogenous addition of the same hormone but would show a
clear response to an inhibitor.

Thus by measuring tissue level of a hormone, the effect of adding exogenous
hormone and the effect of inhibiting endogenous hormone one might be able to
derive an expression which indicated the true effective level of hormone activity in
that individual. In the meantime all one can say is that if the current testssuch as
plasma and urine sampling indicate that hormone levels in these fluids are abnormal,
then tissue hormone levels will almost certainly also be abnormal. The reverse is
not true. A body fluid hormone level within the “normal range” is no guarantee of
normal tissue levels or normal tissue activity.

Conclusions
The main conclusions of this chapter may be summarised as follows:

1. Tt is possible that some forms of endocrine-mediated disease will prove to be
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similar to diseases produced by exposure to many infective agents, environmental
factors or drugs. If this is so, then even in a group exposed to precisely the same
hormone levels (which may be within the so-called normal range) some individuals
will develop the disease and others will not. However, as with smoking and lung
cancer, groups exposed to different levels of the hormone would be expected to
have different incidences of the disease. The relationship between the hormone and
the disease may not become readily apparent by looking for differences in hormone
levels between those who have the disease and those who do not. An approach
more likely to achieve results will be to look for differences in disease incidence
between populations with high and low levels of the hormone. Final proof of a
relationship will require the demonstration that deliberate therapeutic manipulation
of hormone levels in the appropriate direction will lower the incidence of the
disease.

2. Because the concept is much simpler it is sensible not to discard the hypothesis
that members of the population with a particular disease will, if the disease is
endocrine-mediated, have different hormone levels than members of the same
population without the disease. In fact, with the diseases which are now classi-

fied as “endocrine™ this is obviously the case. Patients with Cushing’s syndrome have
obviously overactive adrenals and patients with myxedema have obviously under-
active thyroids. There may however be other diseases whose causes are as yet
unknown and which are now not thought of as “endocrine’ in which the hormone-
disease relationship described in the first paragraph may be valid.

3. All measures of hormone functions are at the moment inadequate and likely
to remain so for some time. As ap over-simplified generalisation it may be

stated that if a hormone function test gives an abnormal result then an
abnormality of tissue function is very likely. In contrast a normal test result can-
not exclude an abnormality of hormone function at the tissue level.

96



Chapter 15

TESTS OF THE PROLACTIN
SECRETING SYSTEM

If possible, it is desirable to he able to test the various components of the system
which controls the synthesis and secretion of a hormone. A prerequisite for such
testing is an understanding of the control mechanisms which regulate secretion of
the hormone. In the case of prolactin we already know enough to be able to carry
out useful tests but most of these are still in the early stages of development.

The basic mechanisms regulating prolactin secretion in humans have been exten-
sively discussed in chapter 6. The main points to be noted are as follows:

1. Prolactin secretion in humans is under the control of a prolactin-inhibiting

factor (PIF). Animal experiments, primarily in the rat have shown that hypothala-
mic PIF levels are regulated by dopamine with the more dopamine being present the
higher being hypothalamic PIF levels. Animal experiments have also shown that
there is a short feedback loop whereby high prolactin levels elevate PIF levels.

2. TRH injections in humans stimulate prolactin secretion. The response is so

rapid that it is probably a direct action of TRH on pituitary cells. That TRH may
naturally stimulate prolactin secretion is suggested by the fact that in primary
hypothyroidism when TSH and presumatly TRH secretion are high, prolactin plasma
levels are also frequently elevated. It is possible that as with other releasing factors
high prolactin secretion may inhibit TRH secretion by a short feedback loop.

3. In lactating humans suckling produces a sharp rise in prolactin secretion with no
change in TSH secretion. Since the response seems to be too rapid to be accounted
for entirely on the basis of hypothalamic PIF depletion with removal of inhibition
of prolactin release, it is possibly mediated by a prolactin releasing factor as well.
Since TSH levels do not change, this releasing factor is presumably distinct from
TRH and here will be termed PRF. Again there may be a mechanism whereby
prolactin can inhibit secretion of PRF.
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4. Relatively little has been done on control.of the synthesis as distinct from the
release of prolactin in humans. However, the amount of prolactin secreted during a
TRH response appears to be greater than could be accounted for by release of pre-
existing hormone, suggesting that it stimulates synthesis. The same is probably
true of the response to suckling during lactation and since TRH does not appear

to be involved here, PRF can presumably also stimulate synthesis.

5. There is some evidence that in animals serotonin and noradrenaline may
stimulate prolactin secretion, possibly through the intermediary of one of the
releasing factors.

Noradrenaline
Dopamine

Serotonin

FIG. 8. Mechanisms of control of prolactin secretion. Heavy lines represent relatively well
established pathways, dotted lines represent probable but not yet firmly established ones.
Plus signs indicate stimulate of secretion, minus ones inhibition of secretion.
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6. There is also evidence from animals that prolactin may inhibit its own
secretion by acting directly on the prolactin cells.

These observations are summarised in figure 8. The heavy lines represent
pathways which have been reasonably well established in humans. The dotted
lines represent pathways whose existence in humans has not yet been proved but
which seem likely to be present.

TRH, TSH and prolactin

Since the TRH test has been so widely used now in thyroid disease it seems
appropriate to begin this section by a brief review of what has been‘established
as far as the TSH response to TRH is concerned. The main points are:

1. Like the prolactin response, the TSH response to intravenous TRH is very rapid
with peak levels being reached after 20-30 minutes. Daily testing may blunt the
response but testing on alternate days does not seem to do this.

2. The response is greater in females than in males and in both sexes may be
exaggerated by estrogen treatment.

3. In patients with primary hypothyroidism and elevated TSH levels before
testing, the response to TRH is exaggerated and prolonged.

4. In patients with hyperthyroidism and suppressed TSH levels due either to
thyroid disease or treatment with thyroid hormones the response is depressed and
may be absent altogether.

5. In patients with hypothyroidism due to failure at pituitary level the response
is absent.

6. In patients with hypothyroidism due to hypothalamic failure presumably with
absent or reduced TRH secretion, the TSH response may be normal or exaggerated.
In some such patients the response may be considerably delayed suggesting the
possibility of a time when TRH-mediated TSH synthesis may occur.

7. In a patient with hyperthyroidism which appeared possibly due to excess TRH
secretion, TSH did not respond to TRH.
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8. L-dopa and glucocorticoids both inhibit the TSH response to TRH. High levels
of prolactin due to prolactin-secreting tumors or to chlorpromazine treatment do
not appear to alter it.

9. In patients with depression the TSH response to TRH is also depressed even
though there is no evidence that depressed individuals may be hyperthyroid.

(Andersson, Bowers, Kastin, Schalch, Schally, Snyder, Utiger, Wilber, Wise, 1971:
Emerson, Utiger, 1972: Foley, Jacobs, Hoffman, Daughaday, Blizzard, 1972: Foley,
Owings, Hayford, Blizzard, 1972: Friesen, 1972a: Haigler, Pittman, Hershman,
Baugh, 1971: Hall, 1973: Hall, Ormston, Besser, Cryer, McKendrick, 1972: Kastin,
Ehrensing, Schalch, Anderson, 1972: Ormston, Garry, Cryer, Besser, Hall, 1971:
Ormston, Kilborn, Garry, Amos, Hall, 1971 Pittman, Haigler, Hershman, Pittman,
1971: Prange, Wilson, Lara, Alltop, Breese, 1972: Rybakowski, Sowinski, 1973:
Sachson, Rosen, Cuatrecasas, 1972: Spaulding, Burrow, Donabedian, Van Woert,
1972)

The TRH test may therefore be useful in the diagnosis of hypothyroidism and
hyperthyroidism although depression may be a complicating feature since
depressed hypothyroid patients probably have a diminished TRH response. It
may also be used to distinguish between TSH disorders of pituitary and hypothal-
amic origin. The changes in the response in the various clinical conditions have
not been adequately explained. The only exception is primary failure of the
TSH secreting cells: if the cells are not there they obviously cannot respond.

The failure of response in a patient with high TSH levels, possibly due to excess
hypothalamic TRH secretion, might be explained by saturation of the pituitary
TSH receptors by TRH: that this explanation may perhaps be valid is supported but
not confirmed by the reduction in the TSH response which may occur with
frequent testing at short intervals. In primary hyperthyroidism, presumably TRH
and TSH levels in the hypothalamus and putuitary are low. However it seems
unlikely that the pituitary contains no TSH at all. The alternative possibility that
the response may fail in the absence of “tonic” stimulation of the pituitary by
TRH is not supported by the exaggerated, though often delayed, response which
occurs in patients who appear to have hypothalamic failure. The delay in these
patients may possibly be due to the need to stimulate TSH synthesis before it

can be secreted. The depressed response in hyperthyroidism also cannot simply

be explained by an action of excess circulating thyroid hormones since a diminished
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response also occurs in depressed patients who are certainly not hyperthyroid and
may be hypothyroid. Conversely the exaggerated response in hypothyroidism can-
not be accounted for by low levels of thyroid hormones since these are also present
in depressed individuals in whom the response is diminished. The reduction in the
response with L-dopa therapy has not been explained.

There is therefore no explanation based on TRH, TSH and thyroid hormones
alone which can account for all the changes. Another possibility which does not
appear to have been so far considered is that as with prolactin, TSH is regulated
by both releasing and inhibiting factors. I feel that there is a good case for post-
ulating the existence of a TSH-inhibiting factor (TIF). A factor which tonically
exerted an inhibiting effect on TSH release might be able to allow increased release

Thyroid hormones Dopamine

/
/

/

FIG. 9. Mechanisms of hypothalamic.control of TSH secretion. Heavy lines represent well-
established pathways, dotted lines indicate ones which are not yet certain. Plus signs indicate
stimulation of secretion, minus signs inhibition.
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or to block release completely. A tentative scheme for the hypothalamic regulation
of TSH secretion is therefore shown in figure 9. Again short feedback loops whereby
increased TSH levels would diminish TRH and elevate TIF are shown. The proposal
that a TIF exists would make particular sense in the suppression of the TRH
response by L-dopa since L-dopa is known to elevate hypothalamic MSH-IF and

PIF and might have a general effect on hypothalamic inhibiting factors.

TRH and prolactin secretion

There can now be no doubt that even quite small doses of TRH given orally or
intravenously to human beings may produce a dramatic prolactin secretory
response which probably involves stimulation of both release and synthesis.

As yet the response has been much less extensively tested than the TSH response
but all the evidence so far indicates that similar factors affect both.

1. Even though baseline levels are similar the response is greater in females than
males. Most males respond by elevating prolactin plasma levels 24 fold within
15 minutes while in females 4-10 fold elevations are usual.

2. The response is diminished in hyperthyroid individuals or in normal people
taking thyroid hormones. With increasing hyperthyroidism the TSH response
is extinguished before the prolactin response but eventually the latter dissap-
pears as well.

3. The response is enhanced in hypothyroid individuals.

4. In patients with primary pituitary failure the response may be reduced or
absent but in those with hypothalamic failure it may be normal.

5. Frequently prolactin-secreting pituitary tumors respond to TRH by secreting
yet more prolactin. If such tumors are incompletely removed by surgery then
within a very short time plasma prolactin concentrations return to pre-operative
levels suggesting continuous stimulation, probably by some hypothalamic factor.

Tests which primarily involve PIF

It would be desirable to be able specifically to increase or diminish hypothalamic
PIF secretion in order to test the prolactin secretory response in individuals with
various disorders. Reserpine and chlorpromazine both seem to increase prolactin
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secretion primarily by reducing secretion of PIF, although other mechanisms
involving releasing factors have not been categorically excluded. In contrast,
L-dopa seems to inhibit prolactin secretion by increasing the dopamine effect

on PIF. So far chlorpromazine and L-dopa have been tried as possible clinical tests,
with the following results:

1. In normal individuals an intramuscular dose of 25 mg chlorpromazine reliably
elevated prolactin secretion with a peak after about 60 minutes. The response is
therefore considerably slower than the response to intravenous TRH. As with
TRH the response seems to be greater in females than in males.

2. Chorpomazine had no effect on TSH. TRH in chlorpromazine treated indivi-
duals elevated both TSH and prolactin.

3. L-dopa suppressed prolactin levels with a nadir 2-4 hours after a 500 mg oral dose.
Treatment with L-dopa suppressed both the prolactin and TSH responses to TRH.

In the case of prolactin there is little doubt that this suppression is due to elevated
PIF which therefore strengthens the case for a hypothalamic TIF.

4. Patients without functioning anterior pituitary tissue as expected showed no
response either to chlorpromazine or to L-dopa. Patients with primary anterior
pituitary hypofunction showed subnormal responses.

5. Many patients with prolactin-secreting anterior pituitary tumors showed
reduced prolactin levels after L-dopa but no increase in response to chlorpromazine.
If surgical removal of such tumors was not complete plasma prolactin levels

rapidly returned to pre-operative values. This suggests that these patients may have
tumors secondary to hypothalamic stimulation. It is interesting that in normal
individuals a high rate of prolactin secretion should be associated with peak levels
of PIF because of the short negative feedback loop. The absence of any response

to chlorpromazine suggests that in these individuals PIF may already be very low
instead of high and that a low PIF, possibly coupled with a high PRF, may be a
primary factor in initiating the syndrome.

6. Many patients with prolactin-secreting pituitary tumours responded to TRH with a
further increase in secretion.
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7. A patient with elevated prolactin levels because of a craniopharyngioma failed
to respond to L-dopa.

(Bowers, Friesen, Folkers, 1972: Bowers, Friesen, Hwang, Guyda, Folkers,
1971: Friesen, 1972b: Friesen, Hwang, Guyda, Tolis, Tyson, Myers, 1972:
Friesen, Guyda, Hwang, Tyson, Barbeau, 1972: Jacobs, Bauman, Daughaday,
1971: Friesen, Webster, Hwang, Guyda, Munro, Read, 1972: Turkington, 1971b,
1972¢, 1972g, 1972h.)

Direct effects on pituitary prolactin secreting cells

Ergot derivatives inhibit prolactin secretion partly by increasing hypothalamic

PIF secretion but more importantly by a direct inhibition of the pituitary
prolactin-secreting cells. The most potent one seems to be 2-bromo-a-ergokryptine
(CB 154) which is now undergoing clinical trial in humans. Other ergot derivatives
may have a direct effect on pituitary cells to stimulate prolactin secretion. (Del
Pozo, Brun del Re, Varga, Friesen, 1972: Fluckiger, 1972: Varga, Lutterbeck,
Pryor, Wenner, Erb, 1972)
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Chapter 16

DRUGS WHICH ALTER
PROLACTIN SECRETION

The aim of this chapter is to summarise information on the drug effects on prolactin
secretion which have been reported in mammals. The data has been extensively
discussed in section A of this book, mainly in chapter 6. Only the references to
statements which may be controversial are given in this chapter.

Steroid hormones

Estrogens have a dual and possibly triple effect in stimulating prolactin secretion.
They deplete hypothalamic PIF and stimulate the prolactin-secreting pituitary

cells directly. There is some evidence that they may also act via a releasing or
synthesis-stimulating factor as well. Hypothalamic estrogen implants appear to
promote pituitary prolactin synthesis. Also estrogens have a greater effect on prolac-
tin secretion from in situ pituitaries in PIF-depleted, chlorpromazine-treated

animals than on secretion from pituitaries transplanted into the abdominal cavity.
There is also a suggestion that the natural estrogens, estrone and estradiol, may
actually inhibit prolactin secretion in post-menopausal women while the synthetic
estrogen ethinyl estradiol stimulates it. The response to estrogen is greater in women
than in men. (Kanematsu, Sawyer, 1963: Kwa, Van der Gugten, Sala, Verhofstad,
1972: L’Hermite, Delvoye, Nokin, Vekemans, Robyn, 1972.)

Low to moderate doses of progesterone may have no effect on prolactin
secretion or may suppress it. Very high doses of progesterone may deplete hypo-
thalamic PIF and stimulate prolactin secretion.

Testosterone may reduce hypothalamic PIF and in humans cause hypertrophy
of the prolactin-secreting cells.

Medroxyprogosterone may elevate prolactin secretion in some individuals but
have little or no effect in others. A chlormadinone-ethinylestradiol combination
left prolactin at follicular phase levels in humans without any clear suppression or
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stimulation. The norethynodrel-mestranol combination (Enovid) has been
reported to elevate plasma prolactin levels.

Glucocorticoids suppress prolactin secretion.

Monoamine oxidase inhibitors

Iproniazid, pargyline and phenelzine appear to suppress prolactin secretion probably
by potentiating the effect of dopamine which stimulates PIF secretion.

Tricyclic antidepressants

The tricyclic antidepressants imipramine and amitriptyline both elevate plasma
prolactin levels in man. Since they seem to be operative only in the presence of
intact catecholamine stores and may potentiate catecholamine effects it is unlikely
that they work by reducing PIF levels which would, in fact, be increased if the
effect of dopamine were potentiated. A more likely explanation is that they
potentiate the effect of noradrenaline which may operate by stimulating PRF or
TRH secretion.

Phenothiazines

All the phenothiazines tested including chlorpromazine, promazine, perphenazine,
fluphenazine and thioridazine have been reported to stimulate prolactin secretion.
They deplete hypothalamic PIF and this is believed to be their main mode of
action.

Tranquillizers and anti-histamines

Chlordiazepoxide, diazepam, butyrophenones (the “peridol” group of drugs)
thalidomide, sulpiride, some antihistamines and a variety of other experimental
tranquillising agents have been reported to elevate prolactin secretion in animals.
Haloperidol appears to be the only one of the group where the effect has been
documented in man. (Sulman, 1971: Fluckiger, 1972.)

Drugs which act on amine metabolism

Methyltyrosines which block the biosynthesis of dopamine, noradrenaline and
adrenaline elevate prolactin secretion: dihydroxyphenyl serine which normalises
noradrenaline synthesis only produces a further elevation in prolactin secretion
suggesting that noradrenaline stimulates TRH or PRF secretion. L-dopa which is
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a precursor of both dopamine and noradrenaline elevates PIF secretion and
reduces prolactin secretion. Blockade of noradrenaline synthesis with diethyl-
dithiocarbamate, which does not affect dopamine synthesis, leaves unchanged the
suppression of prolactin secretion seen with L-dopa. It therefore seems that
dopamine is the catecholamine which inhibits prolactin secretion via PIF.

Methyldopa leads to the synthesis of methyldopamine and methyl noradrenaline
which are both “false transmitters”. The lack of dopamine seems to be more
important than the lack of noradrenaline: PIF levels fall and prolactin secretion rises.
Reserpine and guanethidine deplete catecholamine stores in different ways and
probably also act primarily by preventing the normal effect of doparhine on PIF:
reserpine seems to be by far the more potent of the two which is probably because
guanethidine does not readily cross the blood-brain barrier.

d-Amphetamine may act partly because of a competitive effect with dopamine or
depletion of dopamine resulting in lowered PIF. There is no evidence as yet that it
does in fact deplete PIF and my own opinion is that a stimulation of PRF because
of the sympathomimetic effects of amphetamine is probably part of the explanation
for its action.

Tryptophan, 5-hydroxytryptophan and serotonin have all been reported to
elevate prolactin secretion, probably by acting on PRF or TRH.

LSD has been reported to inhibit prolactin secretion.

Ergot derivatives

Almost all the ergot derivatives, including ergotamine, seem able to suppress
prolactin secretion primarily by a direct action on the prolactin secreting cells

but partly also by increasing hypothalamic PIF secretion. 2-Bromo-a-ergokryptine
(CB 154) seems to be the most effective agent, a single oral dose suppressing
prolactin secretion for as long as 12 hours. Another ergot derivative, however,
1-methyl-9,10-dihydroergonorcornine appears to be able to stimulate prolactin
secretion, (Fluckiger, 1972.)

Other drugs

Clonidine which has been used as a hypotensive and also in migraine suppresses
prolactin secretion, (Fluckiger, 1972.)
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Frusemide (furosemide) has been reported to block lactation in rabbits, thus
raising the possibility that it may either compete peripherally with prolactin or
may suppress prolactin secretion. The possibility of peripheral competition is
a particularly interesting one at the renal level as many of its actions could be
accounted for in terms of a blocking effect on the renal effects of prolactin. If
this is so then during frusemide treatment aldosterone should become a salt-losing
substance. Strangely enough, long before we became interested in prolactin, Lloyd
and I demonstrated in frusemide-treated rabbits that progesterone reduced rather
than increased sodium excretion. Since progesterone is believed to increase
sodium excretion by acting as a competitive inhibitor of aldosterone, this reversal
of progesterone action would be expected if aldosterone had also reversed its
action. Ethacrynic acid presumably has a similar action to frusemide. (Gachev,
1968: Horrobin, Lloyd, 1970.)

Lithium

There have been no studies on prolactin secretion during lithium treatment but
some at least of the actions of lithium are compatible with the concept that in

some way it reduces prolactin secretion. On beginning therapy there is a loss of
sodium, potassium and water in the urine and some individuals on lithium treatment
became resistant to the renal actions of ADH. The interpretation of the electrolyte
changes is however complicated by the fact that after the initial fluid and electrolyte
loss, aldosterone secretion may also be markedly stimulated with development of
spironolactone-sensitive edema. The antidiabetic actions of lithium are compatible
with a suppression of prolactin secretion. This is also true for the good resuits
claimed in the premenstrual syndrome which may perhaps be caused by prolactin.
Lithium has also been reported to be effective in migraine, a condition in which

all the known effective drugs are suppressors of prolactin secretion. (Angrist,
Gershon, Levitan, Blumberg, 1970: Baer, Platman, Fieve, 1970: Demers,

Henniger, 1970: Lee, Jampol, Brown, 1971: Maletzky, Blachly, 1971: Mannisto,
Koivisto, 1972: Mellerup, Plenge, Vendsborg, Rafaelsen, Kjeldsen, Agerbaek,

1972: Murphy, Goodwin, Bunney, 1969: Ramsay, Mendels, Stokes, Fitzgerald,
1972. Sletton, Gershon, 1966: Tupin, Schlagenhauf, Creson, 1968: Van der Velde.
Gordon, 1969.)
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Chapter 17

PUERPERAL LACTATION
AND GALACTORRHEA

As might be expected from the history of our knowledge of prolactin, the clinical
areas where its role has been shown to be unequivocal are in puerperal lactation
and in galactorrhea of many different types. The role of prolactin in puerperal
lactation has been discussed in the previous section of the book. At this point it

is interesting to note that especially in late lactation, prolactin plasma levels in
between periods of suckling may be within the normal range. This is a striking
demonstration of the concept that where the tissue half-life of a hormone is
prolonged while its plasma half-life is short, plasma levels may need to be elevated
only intermittently in order to maintain the activity of the hormone at its target
site. The action of estrogens in blocking puerperal lactation is probably a peripheral
one, and is not dependent on interference with prolactin secretion. CB 154 in
contrast can interfere with puerperal lactation by blocking prolactin secretion.
(Besser, Parke, Edwards, Forsyth, McNeilly, 1972: L'Hermite, Stauric, Robyn, 1972:
Tyson, Hwang, Guyda and Friesen, 1972.)

Galactorrhea and gynecomastia

Prolactin levels do not appear to be elevated in gynecomastia. In galactorrhea in
contrast, prolactin levels are almost always raised: it seems probable that 24 hour
sampling would reveal elevated levels even in those whose prolactin appears to be
within the normal range when judged on the basis of a single sample. On the

other hand, many individuals with elevated prolactin levels do not have galac-
torrhea, indicating that prolactin is only one of a complex of hormones required to
induce milk secretion. Galactorrhea can occur in both non-puerperal females

and males, but in the presence of similar hormone levels it seems, not surprisingly,
to be more frequent in women of reproductive age. (Besser, Edwards, 1972:
Forsyth, Besser, Edwards, Francis, Myres, 1971: Hwang, Guyda, Friesen, 1971:
L’Hermite, Delvoye, Nokin, Vekemans, Robyn, 1972: Turkington, 1971c, 1972f:
Volpe, Killinger, Bird, Clark, Friesen, 1972.)
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Drugs
Galactorrhea may be associated with treatment with any of the drugs which can

elevate prolactin levels. The phenothiazines appear to be the commonest
offenders but this may merely be because they are more widely used than the
others. Cessation of drug therapy usually results in termination of the
lactation although this may not happen for two or three weeks (Apostolakis,
Kapetanakis, Lazos, Madena-Pyrgaki, 1972: Frantz, Kleinberg, Noel, 1972b:
Polishuk, Kulesan, 1956: Turkington, 1972: Winnik, Tennenbaum, 1955.)

Oral contraceptives

A small number of women taking oral contraceptives develop galactorrhea. Some
do not appear to be aware of this until manual expression of milk is attempted.
Other women may have persistent amenorrhea and galactorrhea after stopping oral
contraceptive treatment. There do not appear to be any systematic reports of
prolactin levels in women on the pill, but it would not be surprising if many had
some elevation of prolactin secretion. There is a possibility that ethinyl estradiol
may be a more effective stimulator of prolactin secretion than the natural
estrogens. Medroxyprogesterone may alseelevate human prolactin levels (Gambrell,
Greenblatt, Mahesh, 1971: Halbert, Christian, 1969: L’Hemmite, Delvoye, Nokin,
Vekemans, Robyn, 1972: Shearman, 1971.)

The effects on prolactin secretion of the steroids contained in oral contraceptives
have not been systematically studied in animals. There is evidence in rats that the
norethynodrel-mestranol combination elevates pituitary prolactin content and
secretion (Kahn, Baker, 1966: Minaguchi, Meites, 1967: Welsch, Meites, 1969.)

Post-partum galactorrhea (Chiari-Frommel syndrome)

Post-partum galactorrhea in women not being suckled is usually known as the
Chiari-Frommel syndrome. In some women it is associated with a pituitary tumor.
The prolactin levels may be suppressed and galactorrhea terminated by treatment
either with L-dopa or CB154. Unfortunately cessation of the drug therapy often
allows the return of the galactorrhea. (Besser, Parke, Edwards, Forsyth, McNeilly,
1972: Hwang, Guyda, Friesen, 1971: L’Hermite, Delvoye, Nokin, Vekemans,
Robyn, 1972: Lutterbeck, Pryor, Varga, Wenner, Erb, 1971: Malarkey, Jacobs,
Daughaday, 1971: Turkington, 1971a.)
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Occasionally the Chiari-Frommel syndrome may be an indicator of hypothy-
roidismm or adrenal insufficiency (Kinch, Plunkett, Devlin, 1969: Savely,
Modlinger-Odorfer, Szecsenyi-Nagy, 1965: Refetoff, Block, Ehrilich, Friesen,
1972))

Pituitary tumors

Galactorrhea may occur in association with a number of types of pituitary tumor.
This syndrome has been given a number of names but Forbes-Albright is perhaps
the most widely used. In some cases the tumor appears to secrete prolactin alone,
in some cases prolactin and growth hormone. In others the tumor itself may

not secrete prolactin but may disturb hypothalamic-pituitary relationships so that
prolactin secreting cells are released from the inhibitory influence of PIF. With
some tumors the prolactin secretion seems autonomous but with others it may
respond to L-dopa, suggesting persistence of hypothalamic control (ref. as in
previous section plus Argonz, Del Castillo, 1953: Forbes, Henneman, Griswold,
Albright, 1954: Forsyth, Besser, Edwards, Francis, Myres, 1971: Friesen, Webster,
Hwang, Guyda, Munro, Reed, 1972: Nasr, Mozaffarian, Pensky, Pearson, 1972:
Peake, McKeel, Jarrett, Daughaday, 1969: Turkington, 1971.c)

Surgery

There are a number of reports of lactation occurring following surgery. Initially this wa
thought to be due to stimulation of mammary afferents following thoracic opera-
tions, but it is now apparent that other forms of surgery may be associated with
galactorrhea. It seems more likely that the most important factor is the sharp

rise in prolactin secretion which may be seen in surgical patients. This is apparent
pre-operatively, presumably because of psychological stress, and during the
operation itself there may be a dramatic rise in prolactin levels. Such prolactin
secretion occurring in an individual whose endocrine environment permits mammary
development could presumably lead to overt lactation. (Frantz, Kleinberg, Noel,
1972b: Friesen, Belanger, Guyda, Hwang, 1972: Grossman, Buchberg, Brecher,
Hallinger, 1950: Lavoie, 1968: Noel, Suh, Stone, Frantz, 1972: Quinlan, 1968:
Shield, Charme, 1969.)

Starvation

Galactorrhea does not occur during starvation itself but may occur during
refeeding. The best reports of this syndrome relate to American prisoners of war in
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the Far East in World War II. About 10% of PoWs developed gynecomastia but
only a small proportion of these showed galactorrhea as well. One possibility is
that refeeding produced elevation of secretion of all the hormones necessary for
breast development. Another is that reduction of LH and FSH secretion during
starvation led to elevated prolactin secretion and that in some men this persisted
for long enough to allow lactation when other hormone levels returned to normal
on refeeding. It would seem worthwhile to measure prolactin levels in human
starvation as famine edema could conceivably be partly accounted for by elevated
prolactin levels. (Hibbs, 1947: Jacobs, 1948.)

Galactorrhea, precocious puberty and hypothyroidism

In this rare syndrome it has recently been demonstrated that prolactin levels are
elevated. The primary disturbance seems to be in thyroid regulation because
treatment with L-thyroxine corrects the hypothyroidism, lowers plasma prolactin
levels, abolishes the galactorrhea and lowers the high gonadotrophin levels. In

rats prolactin implants in the median eminence can cause precocious puberty and
by a short feedback mechanism can elevate hypothalamic PIF levels. Since high
PIF levels are often associated with increased release of LH and FSH and vice versa,
resulting normally in a reciprocal relationship between prolactin secretion on the
one hand and LH and FSH secretion on the other, it is possible that high prolactin
levels act on the hypothalamus to elevate levels of gonadotrophin releasing factors.
If this is so then the sequence of events in this unusual syndrome might be as
follows:

1. The hypothyroidism is primary.

2. Low thyroid hormone levels lead to elevated TRH secretion and increased
responsiveness of prolactin secreting cells to TRH.

3. Elevated prolactin levels act via the hypothalamic releasing factors to increase
secretion of FSH and LH and galactorrhea and precocious puberty occurs (Clemens,
Minaguchi, Storey, Voogt, Meites, 1969: Turkington, Ray, Costin, 1972.)

Sarcoidosis
It has long been known that the hypothalamus may be involved in sarcoidosis but

the extent of the relationship has only recently been revealed. In 11 out of 34
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patients with sarcoid, prolactin levels were consistently elevated but no elevation
was noted in 18 patients with pulmonary tuberculosis. Some of the patients had
galactorrhea. L-dopa consistently lowered prolactin levels.

One of the patients with prolactin elevation died and post mortem examination
revealed granulomata in the median eminence. It is possible that all patients with
elevated prolactin levels have such granulomata but in view of the very high incidence

of elevated prolactin secretion the possibility of some other disturbance of prolactin
secretion in sarcoid should be considered.

The effects of prolactin on calcium metabolism and the disturbance of calcium
metabolism in sarcoid raise the possibility that the two may be related. However
in four patients, lowering of plasma calcium levels by cortisone was not associated
with a fall in prolactin secretion. This does not exclude an interaction between
steroids and prolactin at target organ level and the subject is worth further explora-
tion. (Turkington, MacIndoe, 1972.)

Male hypogonadism

There is one report in the literature of a young male with reduced testosterone
secretion, slight testicular atrophy and elevated prolactin secretion. L-dopa reduced
prolactin levels while TRH elevated them. Interestingly, mastectomy seemed to be
associated with a further rise in prolactin secretion raising the possibility of a
feedback from the breast. (Volpe, Killinger, Bird, Clark, Friesen, 1972.)

Ectopic prolactin production

Prolactin must now be added to the list of hormones which may be produced
ectopically by tumor tissues. Apparently normal human prolactin was produced
by an undifferentiated bronchial carcinoma and by a hypernephroma. In the case
of the lung tumor irradiation lowered plasma prolactin levels. With the hyperne-
phroma, on removal of the tumor plasma prolactin levels fell to normal and
prolactin secretion was demonstrated by fragments of the tumor tissue in vitro.
(Turkington, 1971b.)

Conclusions

Galactorrhea, but not gynecomastia, is an almost certain indicator of elevated
prolactin secretion. Treatment with a drug which elevates prolactin secretion
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is probably the commonest cause with persistent post partum prolactin
secretion-and secretion in association with a pituitary tumor next on the list.
However, hypothyroidism, adrenal insufficiency, sarcoid and malignant disease
are all important in the differential diagnosis because their identification will
have an important bearing on treatment.
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Chapter 18

PREMENSTRUAL SYNDROME AND PREGNANCY TOXEMIA

Both these relatively common syndromes have eluded satisfactory explanation.
They have at least some features in common and it therefore seems appropriate
to consider them together in this chapter.

Premenstrual syndrome

The premenstrual syndrome has been frequently described. It is characterised by
cyclical changes in mental state and fluid and electrolyte balance. The abnormalities
occur during the luteal phase of the menstrual cycle and are most pronounced just
before menstruation. Relief normally occurs at the time of or within 24 hours of
the onset of menstrual flow. A wide variety of mental changes has been described
but the most consistent seem to be lethargy, irritability and the features character-
istic of a neurotic personality. No obvious abnormalities in hormone levels have
been described and the syndrome is not convincingly explained by the known
physiological properties of any of the hormones which are elevated in the luteal
phase of the menstrual cycle. Of course, if the analysis presented in chapter 14 is
at all correct, then differences in hormone levels between those who suffer from
the syndrome and those who do not are not necessarily to be expected. Suppose
that hormone X has a moderate tendency to provoke neurotic behaviour: in one
woman with a very stable personality an increase in the level of hormone X may be
quite unable to provoke overt neuroticism: another woman with neurotic tendencies
who is stable in the absence of hormone X may become overtly neurotic in the
presence of the hormone. In the second woman, because of her constitution the
hormone causes overt neurotic behaviour and if the elevation of hormone levels

is prevented, the neurotic behaviour will not occur. Therefore even though
hormone levels in the two women may be the same, the hormone will clearly be
causing the syndrome in one woman though not in another.

Although the hormone involved has not been identified the regular cyclic
nature of the disorder has led most investigators to believe that some hormonal
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FIG. 10. 24 hour fluid intake and urine output, urinary sodium output and urinary
potassium output in a woman with severe premenstrual syndrome (see text). The black
bars represent fluid intake and the dotted bars the volume of urine.
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Premenstrual Syndrome and Pregnancy Toxemia

basis must be present. There is no consensus of opinion as to whether the electrolyte
and the mental changes are both independently caused by a hormone or whether the
electrolyte changes cause the mental changes. There is no doubt that the use of

diuretics prevents the fluid accumulation in most women but while some may find
that this is all they need, many find that their mental symptoms are not helped by
diuretic treatment. No controlled trial of any form of therapy has been carried out
but two forms of treatment do seem to have been successful. The fact that they are
successful in the severest forms of the condition in women who have proved
resistant to diuretics, tranquillizers and psychotherapy suggests that they cannot be
accounted for on a placebo basis. The two are.treatment with lithium or with high
doses of progesterone itself: the synthetic progestins seem to be less successful
although good results have been claimed for oral contraceptives which, of course,
completely destroy the normal endocrine picture.

Because the premenstrual syndrome is rarely disabling and frequently affects
busy women in middle life it is not normally possible to ask patients to come into
hospital for prolonged periods in order to study their fluid and electrolyte balances
throughout a cycle. Some studies have been carried out in psychotic patients, but in
view of the fact that psychoses themselves may alter fluid and electrolyte balance
their value is uncertain. We were recently fortunate enough to be able to study a
woman whose iliness was very nearly disabling. Each month in the ten days or so
before menstruation she put on 10-15 pounds in weight, losing it again just after
starting menstruation: she also experienced marked lethargy and irritability and a
very strong sensation of thirst during the premenstrual week. We were able to ask
her to come onto a metabolic ward during the luteal phase of her cycle where she
was maintained on an approximately constant electrolyte intake. She was asked to
restrict her fluid intake to 800 ml per day. She came in on the day of ovulation (as
indicated by the rise in basal temperature) and the changes in 24 hour urinary water,
sodium and potassium excretion are shown in fig. 10. The collections were made on
alternate days. She found it impossible to keep to an intake of only 800 ml because
of intense thirst and her fluid input climbed to about 1200 ml. Simultaneously her
urine volume progressively fell as did her sodium excretion. Potassium excretion
was markedly reduced in the few days immediately preceding menstruation.
Unfortunately she was unable to stay in hospital for more than one post-menstrual
day but at that time her sensation of thirst had almost gone and excretion of
sodium, water and potassium were all rising again.
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It seems to me that there is a strong case for considering the possibility that
prolactin may be a key factor in the premenstrual syndrome.

1. There seems to be retention of sodium and potassium and water. Prolactin
unlike the mineralocorticoids retains all three.

2. There may be a strong sensation of thirst. Injection of prolactin into humans
consistently produced a sensation of thirst.

3. The first time I injected prolactin into myself my wife accused me of being
lethargic and irritable, i.e. “premenstrual”! This first aroused my interest in
the syndrome. There is a considerable amount of evidence suggesting that
prolactin may be capable of altering cerebral function. It is bound to cerebral
cortical tissue, it alters neuronal activity and may produce behavioral changes
in animals.

4. While some women show relatively little difference between prolactin levels
in follicular and luteal phases, others after having normal stable levels in the
follicular phase show a highly erratic pattern in the luteal phase with some
high and some normal values. Given the fact that prolactin has such a short
half life and that all studies so far have utilised once daily sampling it seems
probable that in the second group tissue levels may be considerably elevated
in the luteal phase. The woman whose electrolyte changes have just been
described showed this erratic pattern.

5. Progesterone in moderate doses seems able to suppress prolactin secretion
in animals. In humans lithium has some effects which suggest that it may
suppress prolactin secretion.

I should like therefore to propose that prolactin causes both the mental and the
renal changes which occur in the premenstrual syndrome and that the two are to a
large extent, independent of one another, so that a woman may have severe mental
changes b1t only minor renal changes and vice versa. I also suggest that the syndrome
occurs in those women who show an erratic pattern of elevated and normal prolactin
levels in the luteal phase of the cycle. However, because of wide variations in indiv-
idual susceptibility not all women who show this erratic pattern will develop the
syndrome. Nevertheless I predict that suppression of prolactin secretion in the luteal
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phase, perhaps using 2-bromo-a-ergokryptine, will produce a striking improvement in
women with the syndrome. (Bruce, Russell, 1962: Dalton, 1964: Evered, Horrobin,
Nassar, 1973: Greene, Dalton, 1953: Maletzky, Blachly, 1971: Reeves, Garvin,
McElin, 1971: Shabanah, 1963: Sletton, Gershon, 1966: Sundsfjord, Aakvaag, 1970:
Sutherland, Stewart, 1965: Torghele, 1957).

The premenstrual syndrome is also interesting because of the light it may throw on
other conditions not normally thought of in relation to the hormones whose levels

vary during tiic menstrual cycle. The main ones are as follows:

1. Headache. This is one of the most consistent features of the syndrome. In
many patients it takes on the form of a typical migraine attack.

2. Asthma. It has been reported that in about one third of female asthma
sufferers attacks repeatedly occurred in the premenstrual period.

3. Constipation is frequent but diarrhea is unknown. This suggests that there
may be an inhibition of smooth muscle activity. In this connection the
inhibitory effect of prolactin on uterine muscle may be relevant. Varicose
veins have been reported to be worse premenstrually.

4. There may be spontaneous bruising. Cutaneous capillary resistance is
consistently reduced in many women during the premenstrual period.

5. Basal blood glucose levels rise during the luteal phase of the menstrual cycle
and glucose tolerance falls in parallel. In some individuals attacks of diabetic
coma may consistently occur premenstrually and far more women than
expected have been reported to go into diabetic coma premenstrually.

6. A number of conditions though to have some immune response component
in their pathology may regularly flare up premenstrually. They include
rheumatoid arthritis, ulcerative colitis, rhinitis, various skin lesions and
Behcet’s syndrome.

7. Some women with peptic ulcer report a regular premenstrual exacerbation.

8. Glaucoma may occur premenstrually.
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9. Patients with mitral sterosis have been reported to deteriorate premen-
strually with increased incidences of pulmonary edema and features of right
ventricular failure. A few women with apparently normal cardiovascular
function may show transient premenstrual elevations of blood pressure and
albuminuria.

10. Epileptic attacks may occur consistently premenstrually. (Brewer, 1938:
British Medical Journal, 1970: Clark, 1953: Cramer, 1942: Dalton, 1964:
Philbert, 1962: Rivlin, 1955).

Toxemia of pregnancy

The main features of pre-eclampsia are albuminuria and hypertension. Edema often
accompanies these but also occurs in many normal women. Eclamptic fits occur in
the severest cases. There seems to be an association between the premenstrual
syndrome and pre-eclampsia, women who are susceptible to the one being also
susceptible to the other.

The causes of the fluid and electrolyte and blood pressure changes in pre-eclampsi
(and indeed of those which occur in normal pregnancy) are quite unknown. This is
not the place for an extended discussion of the syndrome and alt I would like to do
here is to suggest that there are some sound reasons for considering the possibility
that prolactin may play a part:

1. Prolactin levels in the plasma rise progressively during pregnancy, reaching
their highest levels in the third trimester. There have been no studies as yet
comparing prolactin levels in normal and pre-eclamptic pregnancies.

2. In both normal pregnancy and pre-eclampsia there is retention of sodium and
water and potassium. The potassium retention cannot be accounted for by the
action of mineralocorticoid hormones. It has recently been shown that
aldosterone and deoxycorticosterone levels are unequivocally lower in pre-
eclamptic than in normal pregnancy and so these mineralocorticoids by them-
sleves cannot account for the sodium and water retention. The action of
aldosterone modulated by prolactin might do so.

3. Prolactin can elevate arterial pressure and increase cardiac output in animals.
Renin and angiotensin levels are below normal in patients with pre-eclampsia
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and therefore they alone cannot account for the elevated arterial pressure.

4. There is some evidence that prolactin may be able to cause renal damage with
proteinuria (chapter 20).

S. There is some evidence that high levels of prolactin may be associated with
epileptic attacks (chapter 28).

6. There is indirect evidence that high levels of salt intake may suppress prolactin
secretion. One of the few large scale controlled trials ever carried out in pre-
eclampsia showed that in about a thousand women advised to take a high salt
intake throughout pregnancy the rates of pre-eclampsia and perinatal
mortality were considerably less than those seen in a thousand women not
so advised. These results seemed so absurd at the time that they have been
completely ignored in spite of the significant difference in perinatal mortality
between the two groups which could hardly be accounted for on the basis of
problems of diagnosis. The effect of the high salt intake might logically have
been explained on the basis of suppression of renin-angiotensin-aldosterone
secretion but since levels of these are now known to be well below normal in
pre-eclampsia an effect due to suppression of prolactin secretion might
possibly be worth consideration.

(Burstyn, Horrobin, Manku, 1972: Dalton, 1964: Horrobin, 1971 : Robinson,
1958: Tampan, Sundaram, Chanukattam, 1956: Weir, Brown, Fraser,
Kraszewski, Lever, Mcllwaine, Morton, Robertson, Tree, 1973).

Oral Contraceptives

There are no systematic published reports on the effects of oral contraceptives on
human prolactin levels. However, estrogens stimulate prolactin secretion while
progestins tend to reduce prolactin secretion in low to moderate doses and so the
two might be expected partially to cancel out. One might expect, however, that
some women at least would show elevated prolactin levels while on the drugs and
this is supported by the occasional occurrence of galactorrhea (chapter 17). Relatively
high levels of prolactin may be required to produce galactorrhea and it is therefore
possible that a much larger number of women have more moderately elevated pro-
lactin levels. [t might be expected that the pills with the higher estrogen contents
would be more likely to stimulate prolactin secretion. Certainly in animals there is
no doubt that the norethynodrel-mestranol combination can elevate prolactin
secretion.
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Of the reported side effects of otal contraceptives, migraine (chapter 24), changes
in glucose tolerance (chapter 27), depression (chapter 31), fluid retention (chapter
19) and hypertension (chapter 23) might conceivably be considered in the prolactin
context. In a double blind cross-over trial in four women who developed a clearly
elevated blood pressure while on oral contraceptives, it was shown that the blood
pressure could be reduced by increasing salt intake. In rabbits treated with high doses
of progesterone an elevated blood pressure developed which was responsive to a rise
in salt intake. These effects might possibly be explained by salt suppression of an
elevated prolactin secretion. Again the evidence is no more than fragmentary but the
possibility that prolactin might be involved in some of the side effects of the pill
should at the very least, reach the consciousness of the many people carrying out

research in this area. (Adams, Rose, Folkard, Wynn, Seed, Strong, 1973: Bolton,
Hampton, Mitchell, 1968: British Medical Journal, 1969: Committee on Safety of
Drugs, 1970: Dear, Jones, 1971: Fisch, Freedman, Myatt, 1972: Grant, 1968:
Harris, 1969: Heefner, 1973: Horrobin, 1968: Horrobin, Lloyd, 1970: Irey, Manion,
Taylor, 1970: Laragh, 1970: Mears, Grant, 1962: Ndeti, Horrobin, Burstyn,
Hopcraft, 1972: Oliver, 1970: Phillips, 1968: Vessey, Doll, 1969: Weir, Briggs,
Browning, Mack, Naismith, Taylor, Wilson, 1971 : Waxler, Kimbiris, Van der Broek,
Segal, Likoff, 1971: Weiss, 1972: Winston, 1969: Woods, 1967).
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Chapter 19

DISORDERS OF FLUID AND
ELECTROLYTE BALANCE

The effects of prolactin on fluid and electrolyte balance were reviewed in chapter
12. The most important points appear to be:

1. Prolactin can act on the kidney to reduce sodium, potassium and water excretion.
It may act on the proximal tubule.

2. The sodium and water retaining effects depend at least in part on interaction

with aldosterone and ADH. It seems that in the absence of prolactin, oxytocin and
growth hormone, aldosterone and ADH lose their normal sodium and water retaining
actions and may even promote renal loss of sodium and water. Prolactin can restore
the “normal” actions.

3. Prolactin may stimulate ADH secretion.
4. Prolactin may cause a sensation of thirst.

5. A high salt intake and high levels of glucocorticoids appear to suppress prolactin
secretion. Low levels ofglucocorticoids and of thyroid hormones may be associated
with excess prolactin secretion.

6. Prolactin secretion has a diurnal rhythm being maximal during the night,
especially the later part.

So for there is no conclusive evidence that any of these effects plays any part in
any clinical fluid and electrolyte disorder. However the suggestive evidence is strong
and appears to throw light on a number of areas where current explanations are
unconvincing.

24 hour rhythm of urinary excretion

As yet there is no satisfactory explanation for the nocturnal reduction in urine
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output. It could however be explained by the nocturnal secretion of growth hormone
and of prolactin, growth hormone secretion being highest just after sleeping and
prolactin being elevated later in the night. It is interesting that the normal urinary

24 hour rhythm is lost in thyrotoxicosis when nocturia is frequently present. In
thyrotoxicosis the response of prolactin secretion as well as of TSH secretion to TRH
is lost. This raises the possibility that the nocturnal secretion of prolactin depends on
TRH. It has already been mentioned in chapter 6 that the 24 hour secretion patterns
of TSH and prolactin are similar. (Tucci, Lauler, 1972.)

Disorders of the adrenal gland

Some of the characteristics of fluid and electrolyte disorders in Cushing’s syndrome
and Addison’s disease may in part be explained by changes in prolactin secretion
since it is known that in adrenal failure or after adrenalectomy prolactin secretion
may increase and it is probable that glucocorticoids suppress prolactin secretion.
The main possibilities are as follows:

1. Addison’s disease may be associated with hyperkalemia and Cushing’s syndrome
with hypokalemia. These phenomena are usually attributed to the reduced and
increased steroid kaliuresis respectively. However it is possible that an excess of
prolactin may play a part in potassium retention and a deficiency in potassium loss.
The enhancement of the kaliuretic effect of aldosterone by glucocorticoids could
be explained by suppression of prolactin secretion.

2. In patients with Addison’s disease and in animals after adrenalectomy there is a
great increase in the sensitivity of the kidneys to the sodium-retaining effects of
aldosterone: this could be explained by potentiation of the aldosterone by prolactin.
The increased excretion of sodium loads in Cushing’s syndrome and the failure of
patients with Cushing’s syndrome to retain sodium in response to DOCA could be
accounted for by prolactin lack.

3. The reduced ability to excrete a water load in adrenal insufficiency could be
accounted for by prolactin excess as could the tendency of adrenalectomized but
not normal animals to become edematous in response to injections of DOCA. The
change in the osmotic threshold for ADH release in Addison’s disease might also be
partially accounted for by excess prolactin secretion as might the increased plasma
ADH levels, which can be restored to normal by glucocorticoid therapy. (Ahmad,
George, Gonzalez-Auvert, Dingman, 1967: Aubry, Nankin, Moses, Streeten, 1965:
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Barger, Berlin, Tulenko, 1958: Black, 1972: Davis, Howell, Hyatt, 1955: Green,
Harrington, Valtin, 1967: Kriss, Futcher, 1949: Horrobin, Manku, Burstyn, 1973:
Horrobin, Manku, Muriuki, Burstyn, 1973: Horrobin, Manku, Robertshaw, 1973:

Mulrow, Boyd, 1972: Ragan, 1940: Soffer, Gabrilove, 1952: Soffer, Gabrilove,
Jacobs, 1949: Soffer, Lesnick, Sorkin, Sobotka, Jacobs, 1944: Tucci, Lauler,
1972.)

The escape phenomenon, saluretic hormone and edema

It is clear in various experimental situations which may have in common a very low
prolactin secretion rate, that mineralocorticoid hormones can promote renal salt
loss. This in no sense denies the existence of other saluretic hormones but it does
suggest that at least some of the evidence such as that involving saluretic hormone
assay in animals with congenital diabetes insipidus does require re-examination. It
may well be that at least some of the experiments could be interpreted on the basis
of a reduction of prolactin secretion or a competitive inhibition of prolactin at the
renal tubular level. The possibility of such inhibition is discussed in the section on
diuretics at the end of this chapter.

The escape phenomenon itself could be accounted for by a reduction in prolactin
secretion to levels where mineralocorticoids ceased to have any sodium-retaining
action. The association of escape with potassium loss while obviously partly
explained by excess mineralocorticoid action might also be partly explained by low
levels of prolactin. This suggestion gives a good reason for the lack of escape from
the kaliuretic effect. The belief that escape is primarily a proximal tubular phenome-
non fits in with Lockett’s suggestion that prolactin acts mainly on the proximal
tubules.

Most of the situations where escape does not occur may also be accounted for
in terms of a failure of reduction in prolactin secretion. The best documented are
perhaps congestive cardiac failure, cirrhosis with edema and ascites, pregnancy, the
nephrotic syndrome and experimental procedures involving ligatures on the vena
cava close to the heart. It is known that in pregnant humans plasma prolactin levels
are elevated and there is preliminary evidence that this is also true in humans with
renal failure, congestive cardiac failure and hepatic failure. A sheep with high jugular
venous pressure of unknown origin failed to reverse the action of aldosterone
while on a high salt intake. It may be relevant that in the clinical situations where
escape does not occur mineralocorticoid treatment is not associated with excess
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renal potassium loss and this could of course be explained by high levels of
potassium-retaining prolactin.

Escape usually fails to occur in situations when edema develops. In sheep it was
shown that they could readily tolerate a 400 mEq/day salt intake without becom-
ing distressed or suffering a rapid rise in body weight. Addition of a single daily
injection of 5 mg prolactin to the regime produced a rapid rise in body weight
with gross clinical edema within 34 days. It is therefore possible that edema may
occur in situations when a high salt intake, a reduced cardiac output or excess
mineralocorticoid secretion are not accompanied by suppressed secretion of
prolactin (and perhaps also of growth hormone and oxytocin). The improvement
of hepatic and cardiac edema with glucocorticoid therapy might be due to prolactin
suppression. It is interesting to note that mineralocorticoid treatment of intact
animals does not readily make them edematous while similar treatment of adrenalec-
tomized animals does. The edema which sometimes occurs in patients on reserpine
therapy might be associated with excess prolactin secretion. Edema occurring in the
pre-menstrual syndrome and pre-eclampsia was discussed in the last chapter.

(August, Nelson, Thorn, 1958: Biglieri, Schambelan, Slaton, Stockigt, 1970:
Black, 1972: Brenner, Berliner, 1969: Burstyn, Horrobin, Manku, 1972: Cirksena,
Dirks, Berliner, 1965: Davis, Howell, Hyatt, 1955: Davis, 1964: De Wardener,

Mills, Clapham, Hayter, 1961: De Wardener, 1969a, 1969b: Dirks, Cirksena, Berliner,
1965: Earley, 1972: Friesen, Hwang, Guyda, Tolis, Tyson, Myers, 1970: Jarvik,
1970: Levinsky, Lalone, 1963, 1965: Lockett, 1965: Lockett, Noel, 1965: Lockett,
Roberts, 1963: Lunn, Cole, Boyns, Nassar, Horrobin, 1973: Mulrow, Boyd, 1972:
Nelson, August, 1959: Pasteels, Gausset, Danguy, Ectors, 1972: Perera, 1948: Ragan,
1940: Rovner, Conn, Knopf, Cohen, Hsueh, 1965: Sealey, Laragh, 1971: Strauss,
Earley, 1959: Swingle, De Vanzo, Glenister, Osborne, Wagle, 1960: Tompson,
Edmonds, 1971: Tucci, Lauler, 1972: Turkington, 1972c, 1972d: Vesin, 1972:
Weston, 1972: Williams, Lauler, 1972.)

ADH and diabetes insipidus

It seems probable that the kidney may escape from ADH in the same sort of way
that it escapes from mineralocorticoids. Prolactin and oxytocin in animals both
restore the water-retaining action of ADH. It is possible that water loading should
be added to the list of potential stimuli which may suppress prolactin secretion.
An interaction between ADH and prolactin may help to explain some of the water
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retention which occurs in edema. The precise balance between water and sodium
retention would be determined by levels of ADH, aldosterone and prolactin. It is
not difficult to conceive of a situation where water retention might relatively
exceed sodium retention leading to the hyponatremia which sometimes occurs.

The hyponatremia-and hypernatriuria which may follow cerebral injury and
which have perhaps wrongly been associated with inappropriate secretion of
antidiuretic hormone might be accounted for by lack of prolactin: these patients
are often clinically dehydrated. In true inappropriate ADH secretion when over-
hydration does occur this could lead to suppression of prolactin secretion with
consequent failure of mineralocorticoid acitvity and a renal loss of sodium. The
excess renal sodium loss has been one of the most puzzling features of the syndrome.

It is possible that prolactin may be able to throw some light on the mechanism
of the improvement in diabetes insipidus which can occur in patients treated with
tolbutamide or chlorpropamide. It seems possible since prolactin has some
“diabetogenic” effects that treatment with an anti-diabetic drug might by some
feedback mechanism promote prolactin secretion. In one patient on tolbutamide
we have found moderately elevated prolactin levels but unfortunately we do not
know what pre-treatment levels were. If prolactin levels are elevated by these drugs
then they should both stimulate ADH release and potentiate the renal actions of
ADH: they might be expected to be of little effect in the total absence of ADH.
All these findings have of course, been made. Prolactin could therefore perhaps
explain what has been a most puzzling phenomenon. It might even play a part in
the diuretic-induced improvement of diabetes insipidus if sodium loss elevates
prolactin secretion as seems possible.

It is conceivable that the role of prolactin should be investigated in the diabetes
insipidus-like syndromes associated with lithium therapy and with divalent cation
disturbances.

The improvement in diabetes insipidus which has several times been recorded
during pregnancy might be attributed to prolactin secretion occurring at the time.

The fluid and electrolyte retention occurring in response to surgery and trauma

may also perhaps be partially explained by the release of prolactin which
occurs at this time. (Angrist, Gershon, Levitan, Blumberg, 1970: Gupta, 1971:
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Horrobin, Lloyd, Lipton, Burstyn, Durkin, Muiruri, 1971: Horrobin, Manku, ,
Robertshaw, 1973: Irvin, Modgill, Hayter, McDowall, Goligher, 1972: Kieeman,
1972: Leaf, Bartter, Santos, Wrong, 1953: Lunn, Cole, Boyns, Nassar, Horrobin,
1973: Manku, Horrobin, Burstyn, 1972: Moses, Numann, Miller, 1973: Orloff,
Hutchin, 1972: Ramsay, Mendels, Stokes, Fitzgerald, 1972: Schwartz, Bennett,
Curelop, Bartter, 1957: Taylor, 1971: Tupin, Schiagenhauf, Creson, 1968:
Weissman, Shenkman, Gregerman, 1971.)

Diuretics and prolactin secretion

There do not appear to have been any studies on the effects of diuretics on prolactin
secretion. Sodium excretion might be expected to stimulate prolactin secretion

and the possible association between prolonged diuretic use and reduced glucose
tolerance could perhaps partly be accounted for on this basis. However this
association may have been much exaggerated since few of the published studies
looked at glucose tolerance before starting diuretic therapy. It is now known that
many of the hypertensives to whom diuretics are prescribed have reduced tolerance
before treatment.

One interesting possibility is that frusemide (and therefore perhaps also ethacry-
nic acid) may be a competitive inhibitor of prolactin at the renal level. Gachev
reported that frusemide could inhibit lactation in rabbits: this could be explained
in a number of ways, one of which is a suppression of prolactin secretion and
another an inhibition of prolactin action at mammary tissue level. At the renal
level, of course, frusemide acts within minutes and if an interaction with prolactin
is involved it could only be at the level of the renal tubules themselves. Certainly
the actions of frusemide on the kidneys would not be inconsistent with the idea
that they were reversals of prolactin effects. More direct evidence that frusemide
may have this type of action is that in rabbits progesterone given in the presence
of frusemide seemed to cause sodium retention rather than the expected sodium
loss. Progesterone seems to be a competitive inhibitor of aldosterone and so if
aldosterone were causing sodium retention, progesterone should cause sodium loss but
if aldosterone were causing sodium excretion progesterone should cause sodium
retention. The sodium retention observed in rabbits raises the possibility that
during frusemide treatment the blocking of prolactin actions on the kidney could
lead to mineralocorticoids having a sodium-losing effect. This possible prolactin
antagonism could account for the massive diuretic effect and also for the serious
potassium loss which can occur. It might also help to explain the phenomenon
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whereby once equilibrium has been reached and fluid and electrolyte balance
achieved at one frusemide dose (possibly by increasing prolactin secretion) a
further diuresis and saluresis may be obtained by increasing the dose. The need for
and effectiveness of very high doses of frusemide in edema and renal failure

when prolactin levels are almost certainly elevated also suggests a competitive
effect.

Oxytocin in situations where prolactin secretion has probably been suppressed
can act with mineralocorticoids to cause sodium retention. In other more normal
circumstances oxytocin may cause sodium excretion. These apparently paradoxical
effects could be explained if oxytocin could activate the prolactin receptors on the
kidney but was less effective than prolactin itself. In the absence of prolactin
oxytocin would then have a prolactin-like effect but in the presence of prolactin
it might reduce the effectiveness of prolactin by competing with it for receptors.
(Chan, Sawyer, 1961: Dieterle, 1968: Earley, 1972: Gachev, 1968: Graybiel, Sode,
1971: Horrobin, Lloyd, 1970: Kohner, Dollery, Lowy, Schumer, 1971: Weston,
1972)

Potassium

Of all the actions of prolactin on fluid and electrolyte balance it is possible that
the most important one may prove to be the action on potassium metabolism. It
is the only one which does not appear to be imitated by any other hormone. At
the renal level prolactin seems to be unique in promoting potassium retention
which is, of course, the complete opposite of the effect of aldosterone. At the
cell membrane, the effect of aldosterone seems to be to stimulate the exchange of
sodium outwards for potassium inwards: it thus promotes an increased intracellular
potassium concentration. If prolactin opposes the effects of mineralocorticoids

at the cell membrane as at the renal level, then its effect will be to promote a
movement of potassium out from cells. If this occurs the two effects will combine
to produce hyperkalemia. The hyperkalemia will deliver an increased potassium
load to the renal tubules and this may partly or even completely overcome the
potassium-retaining effect. In the absence of prolactin the reverse changes may
occur with a movement of potassium into cells, a loss of potassium in the urine
and hypokalemia.

It is possible that the so-called “‘sick cell syndrome” may be attributable to
excess levels of prolactin with or without excess levels of mineralocorticoids. The
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syndrome tends to occur in situations such as severe hepatic or cardiac failure
where both hormones may be elevated together. An abnormally high prolactin
level will tend to allow potassium to escape from cells: if enough escapes it will
overcome the potassium-retaining effect of prolactin and be lost in the urine.
However, if mineralocorticoids are present in adequate amounts they may tend to
stimulate and aggravate the renal potassium loss.

The effects of prolactin on potassium movements across the membranes of nerve
and muscle fibres may also be important. If the changes are as described, with
potassium moving out of the cells, this will tend to produce a depolarisation.
Initially this will make muscle fibres and neurons more excitable but if the process
continues far enough they will be inactivated. The overall effect on the nervous
system will be complicated by the reduced sizes of the action potentials which
will tend to release smaller amounts of transmitter and so even in the early stages
there may be some depression of activity, coupled with an over-responsiveness to
stimuli such as epileptogenic ones. In the later stages there would be unequivocal
neural depression.

The actions on muscle would also be interesting with again an initial excitation
followed by depression if enough prolactin were present. A pattern like this
certainly appears when prolactin in concentrations at the upper end of the
physiological range is added to human uterine smooth muscle (fig. 2) with an
initial flurry of activity followed by a more prolonged depression. At the heart,
these changes might produce various forms of arrhythmia perhaps followed by
blocks in the conducting system. In this context it may be relevant to point out
that all the reported cases of hypoaldosteronism have been characterised by
hyperkalemia and some form of arrhythmia, usually complete heart block. In
this syndrome it seems very possible that sodium balance may be maintained by
the effect of hypersecretion of prolactin.

Finhally it should perhaps be noted that prolactin may be a complicating factor
in studies of glucose tolerance simply because of its effect on potassium, quite
apart from any other metabolic actions. Reduced intracellular potassium levels
seem to be associated with decreased glucose tolerance. Potassium repletion
alone may restore glucose tolerance to normal. (Black, 1972: Horrobin, Manku,
1972: Earley, 1972: Graybiel, Sode, 1971: Horrobin, Lloyd, Lipton, Burstyn,
Durkin, Muiruri, 1971: Lunn, Cole, Boyns, Nassar, Horrobin, 1973: Pasteels,
Gausset, Danguy, Ectors, 1972: Williams, Lauler, 1972.)
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Chapter 20

THE NEPHROTIC SYNDROME

There are, of course, many varieties of nephrotic syndrome and many different
causes of albuminuria. In some of these it is possible that prolactin may play a
role but in others it is very unlikely to be involved.

The best evidence for the role of prolactin in a nephrotic-type syndrome comes
from work in the rat. In many strains of rat old animals are liable to develop glomerular
lesions and albuminuria: old rats tend to have much higher levels of circulating
prolactin than young rats. When prolactin-secreting tumors are transplanted into
rats, the renal lesions are more florid and develop in virtually all the animals. Many
die of a syndrome characterised by massive albuminuria. Even more strikingly, it has
very recently been demonstrated that prolonged treatment of rats with 2-bromo-
a-kryptine, the drug which seems to have a highly specific action in blocking
prolactin secretion, can virtually completely prevent the development of the nephrotic-
type syndrome in old rats. This is therefore very strong evidence that in rats this
type of albuminuria cannot develop in the absence of prolactin.

There is of course nothing remotely like this evidence in relation to the human
forms of albuminuria. At best there are only a few scattered hints, the main ones
being as follows:

1. The failure of many patients with the nephrotic syndrome to “escape” from
the sodium-retaining effects of mineralocorticoids is consistent with the possib-
bility that they have elevated prolactin levels. (chapter 19).

2. The response of some patients with nephrotic syndrome to steroid therapy is
also consistent since some forms of elevated prolactin secretion are clearly

steroid suppressible.

3. Diabetic nephropathy tends to occur in that group of diabetics who are also

131



The Nephrotic Syndrome

susceptible to retinopathy. These patients have increased cutaneous capillary
fragility which may perhaps be due to prolactin. (chapter 27)

4. High cholesterol levels which occur in the nephrotic syndrome also occur in
patients on prolonged chlorpromazine therapy and in those with myxedema in
whom prolactin levels are elevated. (chapter 21)

5. There is some very indirect evidence (chapter 19) that frusemide may be a
competitive inhibitor of prolactin. This might explain its relative success in
mobilising edema of renal origin. (Clemens, Meites, 1971: Furth, Clifton, Gadsen,
(Clemens, Meites, 1971: Furth, Clifton, Gadsen, Buffet, 1956: Richardson, 1973.)
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Chapter 21

THYROID DISEASE

The relationship between prolactin and the thyroid is now well established
although much remains to be done. TRH can stimulate the release of both TSH and
prolactin in man. The 24 hour rhythm of prolactin secretion is similar to that of
TSH with elevated levels during the night, particularly the later part. High levels
of circulating thyroid hormones and also L-dopa treatment suppress the response
of both TSH and prolactin to TRH. Interestingly in thyrotoxicosis the 24 hour
thythm of TSH secretion is lost as is the 24 hour rthythm of fluid and electrolyte
secretion: this suggests that the nocturnal secretion of prolactin may also be
abolished (chapter 23) and that the nocturnal secretion of both TSH and prolactin
may depend on TRH. The surges of prolactin secretion in response to suckling and
surgery are not accompanied by surges of TSH secretion suggesting that TRH can-
not be involved in these events.

Two clinical syndromes have nov’ been clearly shown to relate primary hypothy-
roidism (and therefore probable TRH hypersecretion) with excess prolactin secretion.
These are the association of galactorrhea, amenorrhea and primary hypothyroidism
in post-pubertal individuals and of precocious puberty, galactorrhea and primary
hypothyroidism in children. Both syndromes have already been discussed in
chapter 10. Both respond to treatment of the hypothyroidism which abolishes
the galactorrhea. It has recently been confirmed that in both prolactin plasma
levels are elevated and that thyroid treatment lowers these to normal. The presumed
mechanism is the release of prolactin brought about by high TRH secretion rates
which are in turn a response to primary hypothyroidism. The precocious puberty
may possibly be related to that which has been demostrated in rats following
hypothalamic prolactin implants. The presumed mechanism is elevation of the
secretion of the releasing factors which govern FSH and LH secretion.

The question of whether prolactin levels are elevated in hypothyroidism in the
absence of galactorrhea has not yet been settled. Most results have shown only
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marginally elevated plasma levels although one group claimed that five out of

nine hypothyroid patients had clearly elevated plasma prolactin levels and another
two had levels at the upper end of the normal range. In severe myxedema there is
good evidence that the pituitary prolactin-secreting cells are markedly hypertro-
phied. It seems to be probable that as yet the definitive experiments have not been
performed. If it is the nocturnal prolactin secretion which is primarily TRH-
dependent then it will be the nocturnal levels (or at least those in the very early
morning) which will be elevated. However, because of the very long tissue activity
of a single surge of prolactin elevated nocturnal secretion alone would be sufficient
to produce sustained tissue prolactin elevations.

Reports of prolactin levels in hyperthyroidism have suggested nothing unusual.
However since daytime levels are normally low, since none of the work has
involved nocturnal or early morning sampling, and since patients with hyper-
thyroidism do not reduce to a normal extent their nocturnal fluid and electrolyte
secretion, it seems possible that the nocturnal surge may be absent. If this is so it
is possible that tissue prolactin levels may be abnormally reduced even though
daytime plasma levels may be near normal.

In amphibians prolactin seems able to inhibit the response of both the thyroid
gland to TSH and of the tissues to thyroid hormones, but as yet this possible
aspect of the interaction has not been specifically investigated in man. It is
conceivable that the reversible hypothyroidism seen in Addison’s disease and
which responds to adrenal replacement therapy alone could be partly due to
excess prolactin secretion. This might suppress TRH secretion by the hypothalamic
short feedback loop and also exert an inhibitory effect at both thyroid and
thyroid hormone target organ levels.

If prolactin tissue levels are elevated in myxedema this raises the interesting
possibility that some of the features of myxedema usually attributed to lack of
thyroid hormone may in fact be caused by prolactin excess alone, or by the
combination of prolactin excess and thyroid lack. Perhaps the most likely
candidates for this type of explanation are the elevated secretion of ADH and
increased renal responsiveness to ADH which have been reported in myxedema
(chapter 19). The increased capillary permeability of myxedema may also be
prolactin dependent (chapter 27). The ‘“‘edema” itself may be prolactin-associated
since a similar type of edema with increased binding of water to conncetive tissue
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mucopolysaccharides has been reported in response to estrogens which, of course,
stimulate prolactin secretion. The possibility that some of the mental sluggishness
may be related to prolactin is discussed in chapter 31. One possibly important idea
is that the high cholesterol levels seen in myxedema may be in part prolactin-
dependent. Similar high levels occur in the nephrotic syndrome in which prolactin
levels may be elevated and cholesterol levels are also elevated by phenothiazine
therapy which stimulates prolactin secretion.

Similarly it is conceivable that some of the features of hyperthyroidism may be
due partly to prolactin lack and partly to thyroid hormone excess although here
the possibilities are less obvious. The agitation is perhaps the one that deserves most
attention.

In conclusion as with most areas of prolactin physiology and pathophysiology,
a great deal remains to be done but the possibilities, to say the least, look
interesting.
(Arroyo, Aubert, 1971: Chesley, 1972: Clemens, Minaguchi, Storey, Voogt, Meites,
1969: Edwards, Forsyth, Besser, 1971: Emerson, Utiger, 1972: Foley, Jacobs, Hoffman,
Daughaday, Blizzard, 1972: Forsyth, Besser, Edwards, Francis, Myres, 1971: Gharib,
Hodgson, Gastineau, Scholz, Smith, 1972: Jackson, 1956: Jacobs, Snyder, Wilber,
Utiger, Daughaday, 1971: Kinch, Plunkett, Devlin, 1969: Lange, 1944: L’Hermite,
Delvoye, Nokin, Vekemans, Robyn, 1972: Mulrow, Boyd, 1972: Nicoll, Bryant, 1972:.
Nokin, Vekemans, L’Hermite, Robyn, 1972: Pasteels, Gausset, Danguy, Ectors, 1972:
Patel, Baker, Alford, Johns, Burger, 1972: Pittinger, Talner, Ferris, 1965: Robyn,
1972: Sassin, Frantz, Weitzman, Kapen, 1972: Savely, Modlinger-Odorfer, Szecsenyi-
Nagy, 1965: Spaudling, Burrow, Donabedian, Van Woert, 1972: Turkington, Ray,
Costin, 1972: Vanhaelst, Van Cauter, De Gaute, Golstein, 1972: Van Wyck, Grumbach,
1960.)
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Chapter 22

DISEASES OF THE ADRENAL CORTEX

Much of the material relevant to the theme of this chapter has already been reviewed
in chapters, 4, 12 and 19. In summary the main factual points which are known
are as follows:

1. Prolactin modifies the effect of aldosterone on the renal tubules. In the absence
of prolactin (and of growth hormone and oxytocin) aldosterone promotes sodium
loss: prolactin restores the sodium-retaining effect of aldosterone. The effect does
not appear to be of the “all-or-nothing” variety and the renal action of aldosterone
may be increased or reduced by altering the prolactin concentration. The effects
of prolactin on aldosterone secretion or of aldosterone on prolactin secretion have
not been explored.

2. In the absence of adrenal steroids prolactin secretion rises: it is possible that

lack of either mineralocorticoids or glucocorticoids may have this result but

there is no clear evidence on this point. Elevated levels of glucocorticoids can suppres
prolactin secretion. It is probable that elevated mineralocorticoid levels can do so
also although whether directly or via the intermediary of sodium metabolism is
unknown.

3. Prolactin may act on the adrenals to provide a precursor pool on which other
agents such as ACTH and angiotensin may act. It may also have a particular effect
in stimulating adrenal androgen secretion. The nocturnal prolactin secretion could
help to provide precursors for the moming cortisol surge.

The known renal actions of prolactin may partially explain the increased
excretion of salt, the failure to respond normally to DOCA and the potassium
loss which can occur in Cushing’s syndrome. They may help to account for the
failure to excrete a water load and the hyperkalemia of adrenal failure (chapter
19).
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An isolated deficiency of aldosterone is a rare but interesting disease often
characterised by marked hyperkalemia. This could perhaps partly be explained

by high levels of prolactin attempting to compensate as a sodium-retaining
hormone for the aldosterone lack and in the process causing severe potassium
retention.

Of the non-electrolyte disturbances in adrenal diseases a possible role of
prolactin in eosinophilia and eosinopenia might be worth exploring. Prolactin has
been reported to cause an eosinophilia on injection into animals but it is possible
that this could have occurred as part of a reaction to foreign protein and the lack
of correlation of the eosinophil count in humans with elevated prolactin levels in
many situations makes a key role in the regulation of eosinophils unlikely.

Prolactin is certainly involved in the galactorrhea which has been reported in
adrenal failure. In one case this was shown to be associated with elevated
prolactin levels. The galactorrhea disappeared and the elevated prolactin levels
returned to normal on treatment of the primary hypoadrenalism. An interesting
possibility is that prolactin could be involved in the hypothyroidism which some-
times occurs in adrenal failure and which responds to treatment of the adrenal
disease without any thyroid treatment. The hypothyroidism may be a failure
of the gland to respond to TSH since thyroid hormone levels are low, the gland
is enlarged and in the one patient in whom it was measured the plasma TSH level
was high. This may simply be due to a requirement of thyroid cells for adrenal
steroids but since blocking of the effect of TSH on the thyroid is one of the
established effects of prolactin in lower vertebrates, this should be considered.

(Gharib, Hodgson, Gastineau, Scholz, Smith, 1972: Retetoff, Block, Ehrlich,
Friesen, 1972: Stupnicki, Stupnicka, Donanski, 1960.)
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Chapter 23

HYPERTENSION

As mentioned in chapter 12, the evidence relating prolactin to the regulation of
blood pressure is conflicting. In decerebrate unanesthetised rabbits prolactin
intravenous infusions at rates as low as 10 ug/kg/hr produced a clear cut elevation
of arterial pressure within 4 hours: 50 ug/kg/hr infused for four hours produced a
mean elevation of about 40%. In contrast, 2.5 mg/day (i.e. about 12,500 ug/kg)
given to rats for about three weeks led to a fall in arterial pressure of about 20%.
Similar doses given to rats rapidly elevated cardiac output. At present no sense
can be made of these observations apart from saying that the rabbit doses were

in the physiological range while the rat doses were grossly abnormal. In
preliminary experiments using a mesenteric artery preparation Manku (1973)

has recently shown that the high rat doses abolished the response of the pre-
paration to noradrenaline.

However it is possible to make some speculations on the assumption that the
physiological doses are more likely to be relevant. If prolactin is involved in
the elevation of arterial pressure, the most likely circumstances for this to
happen would be in pre-eclampsia, in women on oral contraceptives and in
those women who experience a clear elevation of prolactin levels during the luteal
phase of the menstrul cycle. There is of course no direct evidence relating prolactin
and elevated blood pressure in any of these situations, but the concept is not
implausible. One interesting finding which might be explained by this is Miall’s
demonstration that in women of reproductive age those with higher salt intakes
had slightly but definitely lower blood pressures. Since there is good evidence
that a high salt intake may be able to lower prolactin secretion then if prolactin
were involved in the maintenance of arterial pressure in women of this age group,
those with higher salt intakes should have lower pressures. A similar explanation
might account for the observations that increasing salt intake could lower arterial
pressure in women with elevated pressures as a result of taking oral contraceptives
and that it could partly prevent the development of preeclampsia. This last
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piece of work by Robinson has been ignored and derided largely because it is s0
out of sympathy with the work of the last three decades on salt intake and hyper-
tension. She studied approximately 2000 consecutive antenatal patients and
instructed one group of 1000 to take a high salt diet with salt supplements and
the other group to keep salt intake down. The high salt group had something
like half the pre-eclampsia and half the perinatal deaths (when gross congenital
malformations were excluded) of the low salt group. If results of that sort had
been obtained using an expensive drug, that drug would now be universally
used and her trial would be quoted as a model of a large controlled trial. But
because the drug was salt and because (to quote several obstetricians) her
results simply cannot be true (!) no attempt has been made to repeat her trial
and test her results, let alone put them into practice, However, if prolactin is
involved in pre-eclampsia, her findings may be satisfactorily explained and she
may yet be vindicated.

Other evidence for a possible role of prolactin in blood pressure regulation
comes from the use of L-dopa in Parkinsonism. One of the more common side
effects is hypotension, although hypertension is occasionally reported. Experiments
using monamine oxidase inhibitors to facilitate the conversion of L-dopa to
catecholamines and extracerebral or intracerebal decarboxylase inhibitors to
block selectively conversion to catecholamines at either intracerebral or extra-
cerebral sites, have shown that L-dopa may indeed be either hypotensive or
hypertensive. Its hypertensive action depends on extracerebral stimulation of
catecholamine synthesis presumably mainly at sympathetic nerve endings. Its
hypotensive action depends on a CNS effect but the precise mechanism remains
unknown.

One possible candidate for a hypotensive effect brought about by increased
CNS catecholamine activity is the suppression of prolactin secretion which has
been clearly shown with L-dopa. Since prolactin does seem able to alter neuronal
excitability in the hypothalamus and other places, it is not inconceivable that
prolactin could in some way be involved in the hypothalamic regulation of
arterial pressure.

If prolactin were a part, albeit a minor one, of the pressure regulating mechanism

and if the effect of prolactin were to elevate pressure, then it would not be surpris-
ing if there were a mechanism whereby elevated pressures suppressed prolactin
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secretion. As far as prolactin was concerned there would then be two types of
hypertension, those in which prolactin was a primary agent and in which prolactin
levels might be elevated and those in which prolactin was not a primary agent

and in which prolactin secretion might be suppressed. The main types of hyper-
tension which seem likely to be related to elevated prolactin secretion have already
been discussed. A possible additional one is the so-called labile or borderline
hypertension in which cardiac output is elevated, which in some individuals seems
to be related to a stressful life situation and in which the circulatory pattern
suggests a “hypothalamic” origin.

The electrolyte disturbances in hypertension are interesting to interpret in the
light of the possibility that in many forms of hypertension prolactin secretion may
be suppressed. It seems not improbable that the normal nocturnal reduction of
fluid and electrolyte excretion while in part due to hemodynamic changes may in
part be due to the nocturnal secretion of prolactin. If this is so then disappearance
of this normal cycle with the appearance of nocturia might, among other things, be
attributed to suppression of prolactin secretion. More convincingly, many hyper-
tensive patients show a response to a salt load which is similar to that shown by
patients with Cushing’s syndrome: they excrete it considerably more rapidly than
normal individuals. Again hemodynamic factors may be part of the explanation
for this but they are unlikely to be the full one. In sheep a Cushingoid renal function
may be produced by cortisol treatment but may be substantially restored by prolac-
tin even though the cortisol is continued, strongly suggesting that part of the renal
effect is due to suppression of prolactin secretion. If the rapid Cushingoid excretion
of a salt load can be accounted for by prolactin lack then it is at least worth
considering that the similar phenomenon in hypertensives may also be due to reduced
levels of prolactin. The possibility of a prolactin deficiency should also be considered
in that large group of hypertensives who show some degree of potassium loss
without any very obvious mineralocorticoid hypersecretion.

Further evidence of possible low prolactin levels in some types of hypertension
comes from studies on the effect of DOCA administration to patients with hyper-
tension. When given to normotensives, DOCA produced sodium retention and
weight gain before escape occured after 5-9 days. When given to 36 hypertensives
of various types (essential, renovascular, primary aldosteronism, pheochromocytoma)
16 showed no change or a rise of less than 0.5 kg in weight and 20 actually lost
weight. These results are consistent with the concept that many hypertensives
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may have subnormal prolactin levels. Also consistent is the finding that frusemide
has a greater effect in normal individuals than in hypertensives. If frusemide is a
competitive inhibitor of prolactin (chapter 19) then it would be expected to

have a smaller effect if the renal tissue concentration of prolactin were already low.

One very interesting phenomenon is the high rate of prolactin secretion which
occurs in patients on some hypotensive drugs, notably methyldopa and reserpine.
This is explained by the known ability of these drugs to deplete hypothalamic PIF.
If prolactin can elevate blood pressure it is possible that the prolactin stimulating
effect interferes with the hypotensive effect and that if the former could be
eliminated much better control of arterial pressure might be achieved with much
lower doses of the drugs. That this may be true is suggested by recent work which
has shown that L-dopa treatment may lead to a substantial lowering of pressure
in response to a dose of methyl dopa which had little or no hypotensive effect in
the absence of L-dopa. Of course, L-dopa could have acted in many different ways
but its suppression of prolactin secretion should be considered. If this does prove
to be important it offers the possibility of much more effective blood pressure
contro} using low doses of methyldopa in conjunction with the apparently safe
and well-tolerated specific prolactin suppressor, 2-bromo-a-ergokryptine.

(Biglieri, Schambelan, Slaton, Stockigt, 1970: Bryant, Douglas, Ashburn, 1971:
Calne, Reid, 1973: Fisch, Freedman, Myatt, 1972: Gibberd, Small, 1973: Harris,
1969: Kriss, Futcher, 1949: Laragh, 1970: Manku, 1973: Miall, 1959: Mulrow,
Boyd, 1972: Ndeti, Horrobin, Burstyn, Hopcraft, 1972: Rado, Szende, Borbely,
Banos, Tako, Fischer, 1970: Robinson, 1958: Sasaki, Nowaczynski, Kuchel,
Chavez, Ledoux, Gauthier, Genest, 1972: Soffer, Gabrilove, Jacobs, 1949: Soffer,
Lesnick, Sorkin, Sobotka, Jacobs, 1944: Watanabe, Parks, Kopin, Weise, 1971:
Weir, Briggs, Browning, Mack, Naismith, Taylor, Wilson, 1971: Woods, 1967.)
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Chapter 24
MIGRAINE

There is again no direct evidence relating prolactin with migraine but the indirect
evidence is perhaps stronger than most of the other cases discussed in this section
of the book.

The first part of the evidence relates to the epidemiology of migraine which
indicates that it is liable to occur in situations in which prolactin secretion is
likely to be elevated. Migraine may occur at times of stress, after prolonged sleep
at a period when stress has been removed (e.g. weekends), in the premenstrual
period, in individuals on estrogen therapy and in women on oral contraceptives.
The evidence that these are all times when prolactin secretion may be elevated
has been presented elsewhere in this book.

The second line of evidence relates to the studies of fluid and electrolyte
balance which have been carried out in patients with migraine. Obviously only a
very small proportion of migraine sufferers has been studied at all vigorously
in this way. However those who have been studied have been shown to retain
sodium and potassium and water immediately before and during a migraine attack.
Termination of the attack appears to be signalled by a rise in the excretion of sodium,
potassium and water.

The third line of evidence is that all the effective drugs which are used in the
treatment or prevention of migraine probably suppress prolactin secretion. This
has been specifically shown to be the case with ergot derivatives and clonidine. 1
am not aware of any direct work on methysergide and prolactin secretion but the
drug is a serotonin antagonist and serotonin is a known stimulator of prolactin
secretion.

Thus three quite separated types of evidence points to a possible role for
prolactin in migraine. I should like to make it quite clear that I am not saying
that prolactin causes migraine in the sense that all or even most people exposed
to a given level of prolactin will develop migraine. I am suggesting that the relation-
ship is much more like the one between smoking and lung cancer, namely that of
a population exposed to a given level of prolactin some, because of their constitu-
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tion, will develop a typical migaine attack. Prolactin can therefore cause migraine
and a lowering of prolactin levels may perhaps be able to prevent migraine.

Migraine will, however, occur only in those whose constitution predisposes them
to migraine attacks: in this sense prolactin may be said not to cause migraine but
merely to provide the background conditions in which a migraine attack may
develop. (Dalessio, 1972: Dalton, 1964: Fluckiger, 1972: Grant, 1968: HOrrobin,
(Dalessio, 1972: Dalton, 1964: Fluckiger, 1972: Grant, 1968: Horrobin, 1973:
Mears, Grant, 1962: Pendl, 1973: Philips, 1968.)
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Chapter 25

ASTHMA

In this chapter I should like to suggest that the relationship between prolactin
and asthma may be similar to the possible relationship between prolactin and
migraine. This is not that prolactin is a cause of asthma but that a given level
of prolactin may be required as a permissive factor before an attack of asthma
can develop. If the prolactin level is below this then an attack may not occur
in the presence of the normal predisposing factors. On the other hand elevating
prolactin levels may provoke attacks in those susceptible to asthma but not in
normal individuals.

A possible mechanism for prolactin-permitted bronchospasm might be a move-
ment of potassium from the smooth muscle cells leading to a state of hyperexcit-
ability (chapter 19). In this situation stimuli which were normally unable to provoke
smooth muscle contraction might lead to bronchospasm.

The clues which suggest that prolactin might in some way be related to
asthmatic attacks are as follows:

1. Attacks may be induced by stressful situations or by exercise. Prolactin secretion
is elevated in both situations (chapter 5).

2. Some women regularly experience premenstrual asthma. Prolactin levels may be
elevated at this time (chapter 18).

3. Steroid therapy is almost always effective in preventing attacks provided that

the dose is sufficient. Prolactin secretion is suppressed by high doses of steroids
(chapter 6, 12.)

144



Chapter 26

RHEUMATOID ARTHRITIS AND
COLLAGEN DISEASES

The most striking evidence relating prolactin to rheumatoid arthritis was provided

by Jasmin and Bois in rats. In a complex series of experiments on hypophysectomised
or adrenalectomised animals they showed that in the presence of some adrenal
deficiency prolactin injections could consistently and reliably produce a highly
specific arthritic syndrome within 10-20 days. Some growth hormone was essential
for the response to develop. Growth hormone itself or other foreign protein inject-
ions could produce a very inconsistent syndrome in only a proportion of animals
after many weeks of injection. The prolactin syndrome was quite different in being
highly specific and consistent and in occurring in virtually all the animals.

The characteristics of the syndrome were edema and inflammation -of the
periarticular tissues with white cell infiltration, particularly by mononuclear
phagocytes. The synovial membranes were grossly affected and often protruded
into the joint cavity. Most striking of all, however, was the distribution of the
affected joints. While any joint could be attacked, the small joints of the paws
were the ones invariably damaged in all animals.

As far as human rheumatoid arthritis is concerned, the main clues which might
suggest prolactin involvement are as follows:

1. The relief afforded by steroid therapy.

2. The characteristic early morning stiffness which occurs when prolactin levels
are at their peak.

3. The fact that many patients with rheumatoid arthritis show increased cutaneous
capillary fragility. This is similar to the increased fragility seen in diabetics with
retinopathy and in normal women at or just before the time of menstruation. It

145



Rheumatoid Arthritis and Collagen Diseases

may be caused by increased prolactin levels. (chapter 27)

4. The possible precipitation of the disease by stress, admission to hospital,

illness or surgery. It has, of course, been shown that the incidence of stressful
episodes preceding the development of rheumatoid arthritis was not different
from that in a control population who did not develop the disease. From this

the conclusion has frequently been drawn that stressful episodes are not important
in initiating the disease. While this may be true, it is most certainly not a logical
conclusion from the study. It ignores the possibility that a stressful episode may
initiate the disease in someone who is susceptible to rheumatoid arthritis but not
in someone who is not susceptible.

5. The monthly premenstrual exacerbation shown by a few patients.

6. In a very preliminary study we have shown that three patients with rheumatoid
arthritis who were on steroid therapy and who therefore should have had
suppressed prolactin levels in fact had prolactin levels above the normal range.
This work is being extended and it will clearly be necessary to attempt to control
in some way for the effect of stress since patients with the disease are obviously
stressed and this alone may elevate prolactin levels.

L suggest therefore that the hypothesis that rheumatoid arthritis may, in those
susceptible to the disease, be precipitated and maintained by rises in prolactin
secretion is at least worth consideration. First it offers a completely new approach
to the condition and second if correct it offers the hope of rational therapy since
a safe drug for the suppression of prolactin secretion is now available.

Using completely the opposite approach Ingvarsson attempted to treat patients
with rheumatoid arthritis by means of prolactin injections, the rationale being that
these might increase adrenal steroid output. He showed that it might be possible
for prolactin to restore adrenal responsiveness to ACTH and claimed that
prolactin injections produced improvement in some cases. However placebo effects
were not excluded and some of the good results attributed to prolactin occurred
after completion of'the treatment course. Some patients became worse and one
went on to develop systemic lupus erythematosus.

Apart from the single patient just mentioned evidence relating prolactin to the
so-called collagen diseases is completely indirect and mainly relates to individuals
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on some form of estrogen therapy. There are several reports of rtheumatic symptoms
with anti-nuclear antibodies and LE cells developing in patients taking oral contra-
ceptives. Usually the situation improved or reversed completely on stopping the pill.
Most of the women involved seem to have been taking a mestranol-containing pill.

In rats a syndrome very similar to polyarteritis nodosa develops in about 10% of
old animals which, of course tend to have high circulating prolactin levels. The
syndrome can be induced in young animals by estrogen treatment. Again of course
this is no evidence for any involvement of prolactin but is merely a possible clue
pointing in that direction.

(Bole, Friedlander, Smith, 1969: Cutts, 1966: Ingvarsson, 1969a, 1969b: Jasmin,
bois, 1959a, 1959b: Mund, Simson, Rothfield, 1963: Pimstone, 1968: Potter, Duthie
1961: Potter, Wigzell, 1957: Schleicher, 1968.)
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Chapter 27

DIABETES MELLITUS

Because the metabolic actions of prolactin are similar in some ways to those of
growth hormone this seems a good reason for considering the possibility that
prolactin may be involved in some forms of diabetes mellitus. Many years ago
Houssay and his colleagues studied the diabetognic actions of pituitary hormones

in hypophysectomised, partially pancreatectomised animals. By “diabetogenic”
they meant an ability to elevate blood sugar and to promote ketone body formation.
Growth hormone was the most potent, ACTH the least potent, with prolactin in

the middle.

Most of the metabolic evidence has been reviewed in chapter 4. It is unfortunate-
ly sparse. In normal humans and animals and in juvenile diabetics prolactin given
for short periods and in moderate dosage produces nothing more than a slight
elevation in blood glucose and/or reduction in glucose tolerance. The effects are
much more marked in hypophysectomised juvenile diabetics and in hypopituitary
dwarfs. In both groups there are wide individual variations and it is clear that
the effect of prolactin depends very much on the consitution of and the hormonal
environment in the individual into whom the prolactin is being injected. There have,
of course, been no studies of the effects of very prolonged courses of prolactin
treatment.

Some of the most interesting evidence relating prolactin to diabetes mellitus
comes from menstrual cycle studies. From the time of ovulation to menstruation
there is a small but clear cut rise in basal plasma glucose concentration paralleled
by a similar fall in glucose tolerance. Cramer in 1942 analysed a very extensive
Canadian experience of emergency diabetic admissions. He found that far
more women were admitted in diabetic coma during the few days before
onset of menstruation and the one or two days afterwards than could be accounted
for on the basis of a random distribution of risk throughout the menstrul cycle.
This phenomenon has continued to be described in the literature and recently
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there was reported a case of a women who went into diabetic coma at or just
before menstruation with every cycle until she was stabilised by being placed on
oral contraceptive therapy. There is no doubt that in a proportion of women there
is a clear luteal phase elevation of prolactin levels, with a probable premenstrual
peak in at least some and the possibility that this may be involved in the cyclic
changes seen in some female diabetics is obviously worth exploration.

Prolactin may also be involved in the deterioration of glucose tolerance which
may take place at the time of stress, particularly surgery. There is now excellent
evidence that prolactin secretion is consistently elevated in surgical patients even
pre-operatively and that surgery itself produces a very sharp rise in plasma levels
(chapter 5).

More evidence comes from the study of cutaneous capillary fragility as indicated
by the timed application of a vacum by means of a capsule on the skin surface. It
has been known for many years that entirely normal women may consistently show
a peak of increased fragility at or just before the onset of every menstrual period. It
has also been known for some time that some diabetics consistently show such
increased fragility but it has only recently been demonstrated that there isa
remarkably consistent relationship between such cutaneous fragility and a liability
to develop diabetic retinopathy. This strongly suggests that the skin capillaries
may be used as indicators of a generalised capillary disorder and also that there
are two relatively clear-cut types of diabetics, those who have small vessel disease and
those who do not. An obvious possibility to be explored is that prolactin may be
particularly involved in those with the vascular type of disease.

One problem which must be taken note of by anyone investigating any relation-
ship between prolactin and diabetes is that prolactin appears to have extensive actions
on potassium metabolism. Changes in potassium balance can, of course, by themselves
alter glucose tolerance.

One slightly bizarre possible relationship between prolactin and diabetes
concerns the oral antidiabetic agents. Both tolbutamide and chlorpropamide
are known to be of value in patients with diabetes insipidus provided that this
is not of the nephrogenic type. They exert this action partly by increasing residual
ADH secretion and partly by increasing the sensitivity of the kidneys to ADH.
Prolactin can both stimulate ADH secretion and increase renal sensivity to ADH
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and at the least it is a plausible hypothesis to suggest that the drugs act by
stimulating prolactin secretion. If prolactin has a diabetogenic effect and the

oral drugs have antidiabetogenic effects, then if prolactin is under some form

of feedback control relating to some aspects of carbohydrate metabolism it makes
sense that its secretion should be increased by antidiabetic drugs.

(Brewer, 1938: British Medical Journal, 1970: Cramer, 1942: Hunter, Bloom, Kelsey,
Porter, 1971: Moses, Numan, Miller, 1973: Weissman, Shenkman, Gregerman, 1971.)
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Chapter 28

EPILEPSY

The effect of prolactin on potassium metabolism provides a logical basis for
considering its possible role in epilepsy (chapter 19). At the renal level mineral-
ocorticoids and prolactin have directly opposing actions on potassium, the former
promoting potassium loss and the latter potassium retention. If the two also have
opposing actians at the cellular level then mineralocorticoids will tend to promote
the movement of potassium into cells while prolactin will tend to promote its
extrusion. The loss of potassium from cells which can occur in the “sick cell
syndrome” supports this concept since this syndrome frequently occurs in
situations in which prolactin levels are known to be elevated.

When potassium moves out from nerve and muscle cells they tend to be depolar-
ised, first becoming hyperexcitable and then inexcitable. At least during the hyper-
excitable phase of the process they would presumably be more likely to take part in
an epileptic attack, either apparently spontaneous or in response to some form
of epileptogenic focus or stimulus. In individuals not constitutionally liable to
develop epilepsy no epileptic attack would occur but in ones liable to do so, an
attack would develop. Prolactin has been shown first to excite and then to inhibit
human uterine smooth muscle (fig 2): other systems have not as yet been tested
but if a similar series of events occurs with nervous tissue then prolactin could
be epileptogenic.

The clinical evidence is at the moment scanty but does indicate that this lead
may be worth following up.

1. Chlorpromazine injections are now one of the standard techniques used by
electroencephalograph {electrocorticograph) experts in order to trigger epilepti-
form discharges in those under investigation for epilepsy. Endocrinologists are now
beginning to use chlorpromazine injections as a test of how well the hypothalamic-
pituitary axis can respond to a powerful stimulus to prolactin secretion. It is worth
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considering the possibility that part of the chlorpromazine effect may be mediated
via prolactin. Imipramine, amitryptyline, tolbutamide, reserpine and haloperidol
are all probable stimulators of prolactin secretion and all are known potentiators of
epileptiform discharges.

2. Some women consistently experience epileptic attacks in the premenstrual
period and at no other time. Prolactin levels are probably elevated at this time.

3. There seems to be a greater risk of epileptic attacks at night or in the very early
morning than at any other times. Prolactin levels are elevated during these periods.

4. There is a greatly increased risk of epileptic attacks in pregnancy toxemia.

As with migraine and asthma I suggest that prolactin will precipitate epilepsy
only in those consitutionally predisposed to it. “Normal” individuals with similar
levels will not develop epilepsy but as prolactin levels are elevated the proportion
of people in the population who will show epileptiform discharges will steadily
rise.
(Betts, Kalra, Cooper, Jeavons, 1968: Davison, 1965: Kiloh, Davison, Osselton, 1961:
Kiloh, McComas, Osselton, 1972.)

152



Chapter 29

NATURAL AND DRUG-INDUCED
PARKINSONISM

Natural Parkinsonism is associated with a deficiency of cerebral serotonin and
dopamine. In the hypothalamus the dopamine deficiency leads among other things,
to a failure of PIF secretion with a consequent elevation of prolactin secretion.
Parkinsonism may be induced by a number of drugs, among them phenothiazines,
methyldopa and reserpine, all of which may also lead to a deficiency of PIF with
an elevation of prolactin secretion. Treatment with L-dopa tends to restore hypo-
thalamic dopamine and to suppress prolactin secretion. Similar changes probably
occur in hypothalamic MIF and pituitary MSH secretion.

Parkinsonism is usually attributed to the dopamine deficiency and this is
presumably the initial cause. However there is no evidence that the dopamine
deficiency itself, as distinct from some consequence of it, is the actual cause of
the neuromuscular disorder. On the basis of the evidence outlined in the first
paragraph, MIF/PIF deficiency or prolactin/MSH excess or both could be the
basis of the neuromuscular problems.

I'should like to suggest that it is possible that the hypothalamic content of the
releasing and inhibiting factors themsleves may be crucial to the development
of neuromuscular abnormalities, with an overall deficiency leading to a Parkinson-

like state and an overall excess to a dyskinetic state. The main evidence is:

1. MIF may improve Parkinson-like states even in the absence of the pituitary
gland. It must therefore have an action which is independent of MSH.

2. MSH may worsen Parkinsonism, possibly by reducing MIF secretion.

3. TRH may improve Parkinsonism, even in the absenc e of the pituitary so again it
cannot be acting via TSH.
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4. L-dopa, amphetamines and tricyclic anti-depressants may all produce dyskinetic
states. They can all elevate the hypothalamic levels of releasing and/or inhibiting factc

Again the evidence in favour of the hypothesis is at best indirect, but it is worth
putting forward as it could suggest alternative therapeutic approaches to
Parkinsonism.

(Coppen, Metcalfe, Carroll, Morris, 1972: Cotzias, Van Woert, Schiffer, 1967: Gibberc
Small, 1973: Kamberi, Mical, Porter, 1969: Kastin, 1967: Kastin, Barbeau, 1972: Plot
Kastin, Anderson, Schally, 1971: Plotnikoff, Prange, Breese, Anderson, Wilson, 1972:
Robins, 1973: Sandler, Goodwin, Leask, Ruthven, 1973: Schneider, McCann, 1970: §
Burton, Thody, Plummer, Goolamali, Bates, 1973.)
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Chapter 30

MYOCARDIAL INFARCTION AND
THROMBO-EMBOLIC DISEASES

Again, of course, there is no direct evidence relating myocardial infarction and
other forms of thrombo-embolic disease to prolactin. However, it is obvious that
a number of situations which are known to be associated with high prolactin
levels are also associated with a high risk of myocardial infarction

Myocardial infarction is relatively common in surgical patients. Perhaps
surprisingly it is almost as common or may even be more common pre-operatively
as post-operatively. Prolactin levels are elevated pre-operatively presumably
because of the stress associated with waiting for a surgical operation and there
is a further very sharp rise during the operation itself (chapter 5).

Oral contraceptives can produce galactorrhea and at least those with a relatively
high estrogen content probably produce moderate elevations of prolactin secretion
in women. The relationship between oral contraceptives and an increased risk of
myocardial infarction and thromboembolic disease has been well documented. In
particular the greater part of the risk seems to be related to the estrogen content
of the pills and it is the estrogen component which would be responsible for any
stimulation of prolactin secretion. Prolactin levels are also elevated during pregnancy
and the puerperium and myocardial infarction at these times seems more likely to
occur than in non-pregnant and non-lactating women of similar age.

Estrogen therapy in males also seems to predispose to the development of
myocardial infarction and thromboembolic disease. In one controlled trial with
about seventy patients in each group, 20 men on estrogen therapy developed a
myocardial infarction or cerebrovascular accident within six months whereas none
of the control group did. In another uncontrolled trial, of 57 patients on estrogen,
17 developed a myocardial infarction or cerebro-vascular accident. Excess water
retention often complicated the therapy suggesting that stimulation of prolactin
secretion had occurred. In the Veterans Administration trial of estrogen therapy
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in prostatic cancer, the improved results as far as the cancer was concerned were
more than counterbalanced by a substantial increase in death from cardiovascular
causes. Interestingly enough the best cancer and worst cardiovascular results

were obtained with a small group of 47 patients who received estrogen plus
reserpine, a particularly potent combination as far as stimulation of prolactin
secretion is concerned.

Drug-associated myocardial infarction is also interesting. Tricyclic anti-
depressants appear to be able to precipitate myocardial infarction in some
patients and a similar thing is true of reserpine. Evidence has been presented
elsewhere (chapters 19 and 27) which suggests that the oral antidiabetic drugs
may perhaps stimulate prolactin secretion. There is of course, a considerable
controversy surrounding the suggestion that the oral antidiabetic drugs may be
associated with myocardial infarction. However in a recent 6-year prospective
study 19.7% of 71 patients treated with oral drugs developed ischemic heart
disease but only 9.5% of 115 patients treated by diet alone did so. This does
not exclude the possibility that those treated with the oral drugs were more
difficult to control and therefore more liable to develop myocardial infarction.

Myocardial infarction may occur during sudden severe exercise in those unac-
customed to it or may be associated with a period of stress. In both situations
prolactin levels are likely to be elevated.

There is a well-known relationship between increasing hardness of water and
areduced incidence of cardiovascular death. In the United States it has been
shown that this seems to correlate more closely with the lithium content of
the water than with any other parameter. Lithium may suppress prolactin
secretion and those on a relatively high lithium intake would be expected to
have lower levels of circulating prolactin.

One possible site at which prolactin might act is the platelet. Platelet adhesive-
ness may be enhanced by surgery or by therapy with synthetic estrogens. There
is some evidence in man that the synthetic estrogens may be more potent
stimulators of prolactin secretion than the natural ones.

Apart from the possible action of prolactin in promoting myocardial infarction
its role in the various pathophysiological states which may occur in the post-
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infarction state should also be considered, particularly with regard to its effects
on potassium metabolism. Anyone who has suffered a myocardial infarction is
likely to be in a severely stressed state with a substantial elevation of prolactin

secretion. This would tend to cause renal sodium, potassium and water retention

but would also tend to cause a movement of potassium out from cells (chapter 19).
This outward movement would cause a tendency to depolarisation with a consequent
increased risk of the development of cardiac arrhythmias which are, of course, so
common after myocardial infarction. The various treatments which have been proposed
for post-infarction arrhy thmias, notably potassium, glucose and insulin therapy and
cortisol, are believed to operate by increasing the movements of potassium into cells.
The cortisol certainly and the GKI therapy probably would also suppress prolactin
secretion and might promote an inward movement of potassium this way. In view

of the post-infarction problems which are posed by fluid and electrolyte retention
and cardiac arrthythmias a trial of a drug such as 2-bromo-a-ergokryptine in myo-
cardial infarction would appear to be justified.

(Bagshawe, Curtis, Garnett, 1965: Blachly, 1969: Bolton, Hampton, Mitchell, 1968:
Boyle, Bhatia, Hadden, Montgomery, Weaver, 1972 British Medical Journal, 1969:
Canning, Green, Mulcahy, 1969: Clark, Ray, Paredes, Ragland, Costiloe, Smith, Wolf,
1967: Committee on Safety of Drugs, 1970: Coull, Crooks, Dingwall-Fordyce, Scott,
Weir, 1970: Daniel, Campbell, Turnbull, 1967: Datey, Nanda, 1967: Dear, Jones, 1971
Ginz, 1970: Goldstein, 1969: Gunther, Kohorn, 1968: Hadden, Montgomery, Weaver,
1972: Hampton, Corlin, 1972: Heefner, 1973: Hunter, 1968: Husaini, 1971: Irey,
Manion, Taylor, 1970: L‘Hermite, Delvoye, Nokin, Vekemans, Robyn, 1972: McDowel
Louis, McDevitt, 1967: Mittra, 1965, 1966: Newball, Byar, 1972: Oliver, 1970: Poller,
Thomson, Tabiowo, Priest, 1969: Robinson, Higano, Cohen, 1963: Rosen, Mushin,
Kilpatrick, Campbell, Davies, Harrison, 1966: Salonen, 1968: Saunders, Carey, Hewitt,
Jones, 1971: Stitt, Clayton, Crawford, Morris, 1973: Vessey, Doll, 1969: Veterans,
Administration Cooperative Urological Research Group, 1967: Voors, 1969, 1970:
Waxler, Kimbiris, Van den Broeck, Segal, Likoff, 1971: Weiss, 1972: Wright, 1942.)
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Chapter 31

MENTAL ILLNESS

As far as | am aware, it has never previously been suggested that prolactin is in any
way involved in mental illness. Yet virtually every drug which is used in psychiatry,
including TRH, either stimulates or suppresses prolactin secretion. Prolactin is bound
to cerebral tissue, can alter the activity of hypothalamic neurons and has effects on
electrolyte metabolism in general, and potassium metabolism in particular, which
depending on their degree might produce neuronal excitation or depression. There
are therefore excellent a priori reasons for considering that prolactin may in some
way be intimately involved in the regulation of behaviour,

In order to understand what follows it is essential to be conversant with fig. 8
which shows what is now known of the regulation of prolactin secretion. There
appear to be three hypothalamic regulating factors. TRH is of course the same sub-
stance which stimulates TSH output and which has been reported to produce very
rapid relief of depression. PRF has not yet been isolated but there is evidence that
it and TRH may be under the control of neurons which release noradrenaline or
serotonin as transmitters. Both noradrenaline and serotonin can stimulate prolactin
secretion but they have no direct action on the pituitary, nor do they act via PIF.
PIF is an inhibitory factor which can block the release of prolactin: it appears to be
secreted continuously and a fall in its rate of secretion leads to an elevation of
prolactin secretion. The production of PIF is regulated by neurons which employ
dopamine as a transmitter. The secretion of prolactin by the pituitary can act back
on the hypothalamus by means of the so-called “short feedback loops”. Elevated
levels of prolactin have been shown definitely to elevate hypothalamic PIF and they
almost certainly also depress hypothalamic TRH and PRF secretion.

Of the drugs used in psychiatry, the main ones which alter prolactin secretion and
their probable modes of action are as follows:

1. The phenothiazines deplete hypothalamic PIF and elevate prolactin secretion.
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As a consequence of the short feedback loops the elevated prolactin levels
may suppress hypothalamic TRH and PRF secretion.

2. The monoamine oxidase inhibitors elevate hypothalamic PIF and suppress
prolactin secretion. They may directly elevate PRF but this is unable to
overcome the PIE inhibition.

3. The actions of the tricyclic antidepressants and of amphetamines are uncertain
but they both stimulate prolactin secretion, possibly by stimulating PRF
secretion.

4. Lithium probably suppresses prolactin secretion but this has not definitely been
established. The mode of action is unknown.

Biological bases of behavior

This chapter attempts to set out some precise and readily testable hypotheses which
suggest that prolactin and the hypothalamic factors which regulate its secretion are
at the heart of the problem of the biological bases of behavior. The hypotheses are
not necessarily inconsistent with any of the other biological hypotheses so far pro-
posed which largely refer to amines and transmitter substances. It is possible that the
end-point of these other systems may be their interaction with the prolactin-
regulating mechanism. The main advantage of the hypotheses I am proposing is that
they are readily testable now in human patients using techniques which are simple
and require only blood sampling. There is therefore no need to enter into long dis-
cussions about the validity of this or that type of animal model to this or that type
of depression or schizophrenia. I freely admit that it is unlikely that my hypotheses
are true. However, as Popper has pointed out, provided that a hypothesis genuinely
is testable, improbability, perhaps surprisingly, is a virtue. A testable hypothesis will
stimulate research and lead to advances in knowledge even if it is not true. An
improbable hypothesis which turns out to be true will lead to advances in knowledge
much more dramatic than those which occur when a probable hypothesis turns out
to be true.

The hypothesis starts from the assumption that the immediate basis of all behav-
ior is neuronal activity in particular neural circuits. The microanatomy and basic
connections of these circuits are likely to be determined by genetic factors and early
environmental experience. However, which functional inter-connections are made
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may depend on the biochemical environment of the brain. In particular I suggest
that the particular connections which determine the pattern of normal or abnormal
behavior are concentrated in the hypothalamic region and that is the biochemical
environment there which will govern the switches.

Although obviously there is room for much argument I should like to suggest as a
somewhat rough and ready starting point that there may be considered to be five
basic types of behavior, normal, neurotic, depressive, manic and schizophrenic.
Obviously dividing lines are blurred, the divisions are arbitrary. Their purpose is
simply to provide a basis for discussion. One of the striking things about these
groups is that it is now possible by the use of drugs to produce in apparently
“normal” individuals behavior patterns characteristic of the other four states.
This strongly suggests that even entirely normal brains contain the basic neuronal
circuits required to produce neurosis, depression, mania and schizophrenia and
that the expression or otherwise of these circuits depends on biochemical factors.

I suggest that basic genetic and early environmental factors will lay down the
fundamental microcircuitry and determine the susceptibility of an individual to
the abnormal behavior groups. Some individuals, for example, may have a basic
anatomical circuitry which is such that even large changes in biochemistry will be
insufficient to push them into one or other of the abnormal groups. Other
individuals may have circuits which are such that even in the presence of a normal
biochemical environment they become depressed. Other intermediate individuals
may become depressed only in the presence of the appropriate biochemical changes
which may, of course, originate in environmental events. Similar things will be true
of the other abnormal categories.

Further I suggest that there is a strictly limited number of patterns of biochemical
abnormality and that the variety of actual behavior comes from the interaction of
each pattern with the microcircuitry of the individual. In other words the detailed
pattern of the illness will depend on the patient’s genetic and environmental history
but the basic nature of the illness, whether it be depression or schizophrenia and so
on, will depend on the basic biochemistry.

The hypothesis suggests, of course, that mental illness is of the smoking and lung
cancer type of disease pattern rather than the plague type (chapter 12). By this
mean that the expression of the disease will depend not on the biochemistry alone
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but on the interaction of that biochemistry with the constitution of the individual.
A numerical example may help. Suppose that there is a biochemical pattern which
leads to depression and that this pattern may be arbitrarily divided into grades from
0 (normality) to 3 (very severe abnormality). The incidences of depression in popula-
tions with biochemical characteristics of the same type might then be as follows:

Grade O 6%
1 32%
2 51%
3 60%

Some people with normal biochemistry might have such unfortunate neuronal
circuity that they were depressed. The incidence of depression would rise as the
biochemistry became more and more abnormal. Two consequences are, however,
clear: some people who were depressed would have no biochemical abnormalities and
some people with severe biochemical abnormalities would not be depressed. In spite
of these facts comparison of the groups would leave no doubt about the relationship
between the biochemical abnormality and the disease. It is very important both for
those who are proposing biochemical hypotheses and those who are criticizing them
to appreciate that the findings of “normal” biochemistry in some diseased persons
and of ““abnormal” biochemistry in some apparently normal persons in no way
provide evidence against the biochemical concept.

One of the interesting things about psychiatry is that it is very widely accepted
that diseases as destructive in their impact as the major psychoses must have some
biological basis. Many, but of course not all, feel that such shattering phenomena
cannot be explained on the basis of the influence of environmental factors. In con-
trast, there is an almost equally wide acceptance of the concept that the neuroses
have “psychological” rather than biological bases although rarely, if ever, is the
precise meaning of the word “psychological” spelled out. There often appears to be
a sensation of hopelessness with regard to those who suffer from “neuroses” or from
an “inadequate personality™. It seems to be frequently felt that while some such
people may be helped by drugs and others by intensive psychotherapy, the problem
is too overwhelming and too rooted in environmental problems for psychiatry to
have more than a marginal impact.
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The hypothesis proposed in this chapter, in contrast, suggests that the neuroses
as well as the psychoses may have a biological basis. Again as with depression, some
individuals will have neurotic nervous systems even in the presence of normal bio-
chemistry while others will function normally even in the presence of an abnormal
“neurotic” biochemistry. The majority, however, will exhibit normal behaviour
with normal biochemistry but with an increasing risk of becoming overtly neurotic
as the biochemistry becomes more abnormal. This concept is unlikely to be readily
accepted by most investigators yet almost all will regularly experience an example of
it even though they may not have thought of it in this light. I refer, of course, to the
mood changes which occur during the menstrual cycle in a large number of women.
There can be no doubt that these mood changes occur and that in many women they
are of a pattern which most psychiatrists would classify as neurotic. There is also no
doubt that they are consistently associated with the endocrine and metabolic changes
which take place in the luteal phase of the cycle and that they can be modified by
ghanging the endocrine environment. The fact that even during the follicular phase
psychological testing may indicate that women who suffer from the premenstrual
syndrome are “neurotic” in no way detracts from the biological concept. It confirms
the idea that these women have neurotic tendencies which may be suppressed in one
biochemical environment but may be allowed to flourish in another.

I propose that the key factors in the hypothalamic environment which determine
psychiatric state are TRH, PRF, PIF and pralactin and it is the balance between
these which will decide whether an individual will reveal neurotic, manic, depressive
or schizophrenic tendencies. As I have said it is unlikely that this hypothesis in its
basic form will prove true but it does have the virtue of being immediately and pre-
cisely testable in human beings and if it is so tested progress is inevitable. Each
situation will be discussed in detail later in the chapter but the basic propositions
are outlined here.

1. Neurotic behaviour will occur in susceptible individuals when prolactin secretion
is moderately stimulated by simultaneous but relatively small rises in TRH and
PRF and by a similar fall in PIF. There are the changes which probably take place
during the luteal phase of the menstrual cycle in some women and during the
stimulation of prolactin secretion by stress.

2. The depressed state depends on the hypothalamic concentrations of TRH and
PRF: when these are below normal, depression will be likely to occur. This fall
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in TRH/PRF could occur because of a primary reduction in the activity of the
neurones controlling their secretion or because of a fall in PIF secretion or more
likely because of both. A fall in PIF secretion will lead to a rise in prolactin
secretion which by the short feedback loop mechanism would suppress TRH/
PREF secretion.

3. Mania will be likely to occur in individuals with low PIF, elevated prolactin and
low TRH/PREF levels who for some reason begin to secrete large amounts of PRF.
They will thus have low PIF, high PRF, very high prolactin and very low TRH
levels. Thus as far as PRF and overt mood are concerned mania and depression
will form a bipolar disease with mania at one extreme, depression at the other
and normality in the middle. But as far as prolactin is concerned mania and
depression will form a monopolar illness with depressives one stage removed
from normality and manics a further stage away from normality along the same
path.

4. Schizophrenia will occur when there is a primary elevation of PRF or TRH,
possibly due to stimulation by serotonin or by noradrenaline, or a primary
elevation of PIF. PRF or TRH elevation will elevate prolactin levels and by the
short feedback loop also lead to PIF elevation. PIF elevation will suppress
prolactin secretion and by the feedback mechanism lead to elevation of TRH

and PRF. The crucial factor will be the simultaneous elevation of PRF/TRH
and PIF.

Neuroses

The basic hypothesis is that during the luteal phase of the menstrual cycle and
during situations of stress, prolactin secretion is elevated by a rise in PRF and a

fall in PIF. The change in prolactin secretion itself may be important as in humans
prolactin injections may cause irritability and lethargy. Unfortunately, with the
exception of the premenstrual syndrome there are no satisfactory studies of
biological changes in neuroses. The idea that prolactin is important gains support
from the relief from the neurotic features of the syndrome which may be obtained
by treatment with progesterone or lithium, both of which may suppress prolactin
secretion. The electrolyte changes which occur in the syndrome could be accounted
for by increased prolactin secretion. (Chapter 18).
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Depression

The hypothesis suggests that depression will tend to occur whenever the sum of
TRH + PREF falls. This end result could be achieved in three distinct ways:

1. By a primary fall in TRH secretion.
2. By a primary fall in PRF secretion.
3. By a primary fall in PIF secretion. This will allow prolactin secretion rates to

rise and this in turn by the short feedback loops will suppress TRH and PRF secretion.

TRH and PREF secretion are probably determined primarily by activation of nora-
drenaline and serotonin-containing neurons. PIF is regulated primarily by dopamine
containing neurons. My own feeling is that the third mechanism is likelty to be
more often important than the other two, mainly because of the relationships
between electrolyte balance and thyroid function in depression.

The hypothesis is consistent with the following findings:
1. Depression may frequently be produced in normal individuals by treatment
with a-methyldopa or reserpine. Both drugs increase prolactin secretion by

depleting the hypothalamus of PIF.

2. Monoamine oxidase inhibitors which elevate hypothalamic PIF secretion and
reduce prolactin secretion may relieve depression.

3. Amphetamines and tricyclic antidepressants which elevate prolactin secretion
probably primarily by elevating PRF secretion may relieve depression.

4. TRH which elevates prolactin secretion may relieve depression.
5. There is some evidence that depression may be associated with depression of
cerebral noradrenaline or serotonin activity which in turn would be associated

with hypothalamic PRF and TRH depletion.

6. L-dopa therapy which elevates hypothalamic PIF content may relieve depression
in some patients.
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Feeding of tryptophan would be expected to elevate hypothalamic TRH and
PRF activity and has been reported to relieve depression in some patients.
Conversely, diversion of tryptophan from the serotonin to the kynurenine
pathway as in patients with pyridoxine deficiency and/or on oral contraceptives
may be associated with depression. Correction of the defect with pyridoxine
may relieve the depression.

Oral contraceptives which elevate prolactin secretion by depressing PIF secretion
would be expected to cause depression.

The sodium retention which has been reported in depressive illness could be
accounted for by excess prolactin secretion.

The reduced carbohydrate tolerance which is so frequently a feature of
depressive iliness could be explained by elevated prolactin secretion.

The recent demonstration of reduced thyroxine plasma levels in depression
could be accounted for partly by prolactin suppression of TRH secretion and
partly by prolactin interference with the action of TSH on the thyroid.

The elevated cortisol levels and reduced suppression by dexamethasone are
probably in part a response to the stress of a depressive illness. However they
might in part be brought about by a prolactin-induced increase in the sen-
sitivity of the adrenal cortex to ACTH.

The elevation of blood pressure which has been reported in depression might
be explained by elevated prolactin secretion.

Mania

The hypothesis suggests that mania arises from a situation in which there is a lowering
of hypothalamic PIF, an elevation of prolactin secretion and a consequent lowering
of hypothalamic TRH and PRF. In susceptible subjects these changes will lead to
depression but in those not susceptible the changes could be present without overt
depression. I suggest that there is then superimposed on this situation a rise in PRF
secretion brought about by over-activity of neurons releasing either serotonin or nora-
drenaline or both. This high PRF coupled with a low PIF will lead to very high rates
of prolactin secretion coupled with severe suppression of hypothalamic TRH. Thus in
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comparison with depression, PIF levels will be similar but both TRH and prolactin
levels will become even more abnormal than in depression, but with the abnormality
in the same direction from normal. The PRF levels will however be abnormal in a
direction directly opposite to that seen in depression. I suggest that PRF rather than
TRH is primarily involved in mania because the manic features which may be produce
by amphetamines are associated with elevation of prolactin but not of TSH secretion.
The hypothesis can explain the following findings;

1. There is some evidence which suggests that manic-depression is a bipolar disease
but other evidence that it is a unipolar disease with mania further removed from
normality than depression. The hypothesis incorporates both these concepts
without strain suggesting that the disease is bipolar as far as PRF is concerned
but unipolar as far as TRH and prolactin are concerned.

2. The greater degree of sodium retention which has been reported in mania as
compared to depression could be explained by higher prolactin levels in the
former.

3. The greater reduction of plasma thyroxine levels which has been reported in
mania as compared to depression could also be explained by higher prolactin
levels which would produce a greater suppression of TRH secretion and
possibly a greater interference with the action of TSH on the thyroid.

4. The production of manic features by amphetamine or tricyclic antidepressant
treatment in susceptible patients may be explained by their effects on PRF.

5. The reported worsening of mania in some patients by feeding with serotonin
precursors and the improvement supposedly brought about by methysergide
might be explained.

6. Mania may be treated by phenothiazines or haloperidol which deplete
hypothalamic PIF and would be expected to elevate prolactin levels still
further. This elevation would help to suppress hypothalamic PRF by means of
the short feedback loop. Interestingly it has often been reported that relief of
the mania may coincide with the development of drug-induced Parkinsonism.
If as suggested in chapter 29 Parkinsonism is associated with low levels of
hypothalamic releasing factors, the simultaneous relief of mania and appearance
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of Parkinsonism would be neatly explained.

Schizophrenia

The hypothesis suggests that schizophrenia will be likely to occur in those individuals
who are susceptible whenever a primary elevation takes place in PRF, TRH or PIF
levels. A primary elevation in the releasing factors will lead to an elevation of prolactin
secretion: the short feedback loop will attempt to return this to normal by elevating
PIF. A primary elevation in PIF will lead to suppression of prolactin secretion followed
by an attempt to return it to normal by elevation of the releasing factors. In one case
there may be some suppression of prolactin secretion and in the other some elevation
but in both there will be a simultaneous elevation of the hypothalamic levels of both
releasing and inhibiting factors: it is this simultaneous elevation which I suggest may
be crucial. Different forms of schizophrenia might be brought about by differences
between the three primary changes interacting with individuals of different consti-
tutions.

The hypothesis could explain the following features:

1. The success of treatments involving phenothiazines which are known to
deplete hypothalamic PIF and which will secondarily reduce TRH and PRF
levels.

2. The precipitation in susceptible individuals of schizophrenic features by L-dopa,
amphetamines, tricyclic antidepressants, LSD and MAO inhibitors, all of which are
capable of elevating hypothalamic PRF, TRH or PIF.

3. The effect of disulfiram in precipitating schizophrenic features in susceptible
individuals. This drug inhibits the conversion of dopamine to other catechola-
mines and might therefore be expected to cause accumulation of dopamine
which is the stimulator of PIF secretion.

4. The syndrome of periodic catatonia might be speciﬁcaliy accounted for by
cyclic surges of TRH release. PBI and BMR tend to be elevated during the
catatonic periods and at this time there is reduced water and sodium excretion.
These effects could be accounted for by stimulation of TSH and prolactin
secretion. Thyroxine prevents the psychotic episodes in most cases and would,
of course, be expected to suppress TRH secretion.
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Testing the hypothesis

One of the problems with all the biochemical models of psychiatric disease proposed
so far is the impossibility of measuring in cerebral tissue in humans the concentration
and turnover rates of the various substances thought to be vitally involved. As a resul
it has been necessary to resort to two rather unsatisfactory ruses, the development of
animal models and the study of metabolites of the key substances which may appear
various body fluids. While each approach has its enthusiasts I think it is not unfair to
say that outside this enthusiastic circle the results are felt to be unconvincing. There i
no doubt that animal models have proved very valuable in screening compounds with
possible activity on the brain and in studying in detail the metabolism of these and
of naturally occurring compounds. But unfortunately one cannot ask an animal how
it feels and this imposes clear limitations on how far the results of animal experiment
can be applied to man.

On the whole biochemical studies of human patients have, however, proved rather
less satisfactory than the animal studies. Results have been contradictory and confusi
and a particularly disappointing but recurrent feature has been the failure of groups ¢
research workers to be able to repeat work which they themselves had reported. Muc
of the trouble arises from a failure to appreciate the need for study under metabolic-
ally controlled conditions and without the influence of drugs. This latter problem is
becoming almost insuperable since many drugs have effects which persist for weeks
after cessation of therapy and it is clearly unethical in most cases to withdraw an
effective drug for the purposes of a research project.

One of the major advantages of the hypothesis proposed in this chapter is that it
can in large measure be tested by using techniques which are already available (chapt:
15). Basal plasma TSH and prolactin estimations can give an idea of the balance
between factors promoting and inhibiting secretion. Chlorpromazine testing gives a
good indication of the degree of inhibition being exerted by PIF while TRH testing
indicates the responsiveness of the pituitary cells. The tests are simple to perform,
are reliable and raise no ethical problems.

As I have repeatedly stated it is not likely that the ideas presented in this chapter
are correct. However they do seem to explain in a relatively satisfactory way the
clinical features of the various types of mental iliness and their responsiveness to
particular types of drugs. The most important feature is their testability and if patien
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with various types of psychiatric disorder were systematically tested by means of TRH
and chlorpromazine it seems very likely that our knowledge of the biological basis of
psychiatry would advance substantially.

(Adams, Wynn, Rose, Seed, Folkard, Strong, 1973: Angst, 1956: Braithwaite,
Goulding, Theano, Bailey, Coppen, 1972: Carranza-Acevedo, 1967: Carroll, Frazer,
Schless, Mendels, 1973: Coppen, Metcalfe, Carroll, Morris, 1972: Coppen, Prange,
Whybrow, Noguera, 1972: Coppen, Shaw, 1963: Coppen, Shaw, Farrell, 1963: Davies,
Carroll, Mowbray, 1972: Gibbons, 1960: Heine, Sainsbury, Chynoweth, 1969:
Janowsky, El-Yousef, Dans, Hubbard, Sekerke, 1972: Kastin, Ehrensing, Schalch,
Anderson, 1972: Lancet, 1968: Lapin, Oxenkrug, 1969: Lewis, 1971: Medical Research
Council, 1972: Mellerup, Plenge, Vendsborg, Rafaelsen, Kjeldsen, Agerback, 1972:
Prnage, Wilson, Lara, Alltop, Breese, 1972: Price, Thornton, Mueller, 1967: Russell,
1960: Rybakowski, Sowinski, 1973: Sachar, 1973: Schildkraut, 1965: Schottstaedt,
Grace, Wolff, 1956: Simpson, Waal-Manning, 1971: Van der Velde, Gordon, 1969:
Weil-Malherbe, Szara, 1971: Winston, 1969.)
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Chapter 32

CANCER

The experimental and clinical evidence relating prolactin to cancer was reviewed in
chapter 11. References quoted there will not normally be quoted again here. In
summary the data demonstrates quite clearly that mammary cancers in rodents may
be prolactin-dependent and that suppression of prolactin secretion by one means

or another will inhibit tumor growth while stimulation of prolactin secretion

will accelerate it. There is suggestive evidence in humans that some breast cancers
may be prolactin-dependent. This is shown by favorable responses to hypopjysectc
and to L-Dopa treatment and also by the in vitro demonstration that in cultures of
some tumors the activity of the pentose shunt pathway can be shown to depend on
prolactin. It has been suggested that prostatic carcinoma may be prolactin-depender
although here both the animal and human evidence is as yet negligible.

A more interesting, because possibly more generally applicable, finding is that
stimulation of prolactin secretion may be associated with a blocking of tumor induc
tion and a slowing down or abolition of tumor growth. A whole series of treatment:
which have in common the fact that they stimulate prolactin secretion may greatly
reduce the number of animals which develop tumors and the number of tumors
per animal in response to treatment with 3MC or DMBA: once the tumors are
established, however, these same treatments enhance their growth. It would be
most interesting to carry out similarly extensive experiments on tumors arising in
tissues which are not apparently target organs for prolactin. The crucial question
to be answered is whether prolactin can inhibit - and also stimulate - rat mammary
tumors because the mammary gland is a prolactin target organ or whether the
stimulation is a specific target organ effect while the inhibition is a more general
phenomenon which might be applied to the prevention and elimination of tumors
anywhere in the body.

There are a number of reports of inhibition of growth of other animal tumors by
chlorpromazine and reserpine both of which are powerful stimulators of prolactin
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secretion. They also both have many other effects any one of which might be
involved in the tumor inhibition. Tumors reported to be inhibited include
leukemia, mastocytoma, sarcoma and melanoma in mice.

In man there is also some evidence that prolactin may perhaps be involved in
defence against tumors, although again the evidence is indirect. Pituitary stalk
section and estrogen treatment may both produce remission of breast cancer in
some women, as may pregnancy. In man estrogen therapy of prostatic cancer has
been relatively successful and although this is usually attributed to the local action
of the estrogen on prostatic tissue, a more general action operating via prolactin
has been neither looked for nor excluded. Interestingly in the large Veterans
Administration trial, the best results as far as the cancer was concerned were
obtained in a group of 47 patients who received both estrogen and reserpine.

It seems unlikely that the reserpine had any local effect on the tumors. The
combination of estrogen and reserpine is, however, a very powerful stimulus to
prolactin secretion.

One interesting recent finding is that in long stay mental patients (i.e. those
whose tumors, if any, would have arisen during their time in hospital rather than
before admission) the incidence of cancer seems to be lower than that in the
general population. The difference was particularly evident with lung, gut, prostate
and bladder tumors and with leukaemia. There was no difference in breast cancer
incidence. Clearly there are a thousand possible explanations for this finding, but it
may not be irrelevant that most long stay mental patients are on some form of
phenothiazine therapy.

There are other fascinating findings which could have many explanations but which
could perhaps also be accounted for on the basis of the idea that prolactin offers
some form of defence against malignancy. There seems to be a small but definite
reduced risk of cancer in patients with diabetes: there is some evidence that some
diabetics may have raised prolactin levels. An increased risk of cancer has been
reported in men whose risk of developing cardiovascular disease has been reduced
by taking a diet high in polyunsaturated fat: other trials failed to demonstrate
this but it is a niggling fact that in three different situations, diabetes, estrogen
treatment of prostatic cancer and dietary therapy with unsaturated fats there
have been reports of an inverse relationship between the risk of cancer and the
risk of myocardial infarction.. Patients with asthma (chapter 25) and other forms
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of allergy have been reported to have a reduced risk of developing cancer. Survival
rate has been reported better in those surgically treated lung cancer patients
who develop severe infections. In asthma and infections prolactin levels may be

elevated. All of these rather surprising findings are open to criticism on statistical
and other grounds and all have many other explanations apart from the one of an
involvement of prolactin. At this stage they are nothing more than ideas as to
areas which might be worth investigating. A certain interest is added to them,
however, by the fact that if prolactin should prove capable of stimulating defence
mechanisms against cancer, then drugs to stimulate its secretion are readily
available and could be immediately used as adjuncts to therapy.

One relationship which requires investigation is that between plasma prolactin
levels and various types of cancer. It has been reported for both breast cancer
and prostatic cancer that the more advanced the disease the more elevated are
plasma prolactin levels. There are clearly several possible explanations for this:

1. The prolactin is causing the disease and those individuals with more prolactin
have more severe disease. This does not seem very likely as the evidence seems to
indicate that the prolactin levels rise as the disease progresses although hard
evidence from serial studies in the same patient is non-existent.

2. The elevated prolactin levels are a response to bony involvement. The relation
between prolactin and calcium metabolism is not known. Prolactin does however
promote urinary calcium excretion and if calcium were entering the blood from
osteolytic lesions it would make sense to elevate prolactin secretion in order to
help eliminate it. If this were true then prolactin elevation would be related to
bony involvement and calcium metabolism rather than to tumor type or any
other aspect of progression.

3. The elevated prolactin levels are part of the body’s response to malignant

disease of any type. If this were true then it should be found that prolactin levels

are elevated not only in prostatic and mammary cancer but in any form of

malignant disease.

(Belkin, Hardy, 1957: Cohen, 1972: Csatary, 1972: Ederer, Leren, Turpeinen, Frantz
1971: Goldin, Burton, Humphreys, Venditte, 1957: Gottlieb, Hazel, Broitman, Zamc
Katz, Kunofsky, Patton, Allaway, 1967: Kessler, 1970: Levij, Polliack, 1970: Meers,
Papioannou, 1972: Pearce, Dayton, 1971: Van Woert, Palmer, 1969.)
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Chapter 33

OTHER ASPECTS

The possible roles of prolactin in physiology and disease have not yet even been
outlined, let alone explored in detail. Some of the possible new areas of investigation
are briefly mentioned in this chapter.

It has been reported that some women with glaucoma may experience regular pre-
menstrual exacerbations. It would not be surprising if prolactin had some action on
the secretion of aqueous humor in view of its effects on fluid and electrolyte move-
ments at other sites. Interestingly, the intra-ocular pressure tends to be highest in
the early morning when prolactin levels are at a peak and then it falls off during
the day. (Dalton, 1964: Davson, 1969.)

Nothing is known about the potentially important actions of prolactin on the
gut. Again because of its effects on fluid and electrolyte balance it would not be
surprising if prolactin interacted with other nerves and hormones in the regulation of
gut secretions. The increased gastric secretion and peptic ulceration brought about
by reserpine have not been fully explained as yet. (Jarvik, 1970.)

The possible inter-relationships between prolactin and calcium metabolism have
been mentioned elsewhere in the book. Prolactin certainly causes increased
urinary calcium excretion but other aspects have not yet been explored. In sar-
coidosis, and in metastatic prostatic and mammary cancers when calcium disturb-
ances may be severe, prolactin levels are often elevated but whether this is simply an
association or whether one is causing the other is quite unknown.

The effects of prolactin on cholesterol metabolism are probably also well worth
investigation. Patients treated with phenothiazines tend to develop elevated
plasma cholesterol levels. The reasons for the cholesterol elevations seen in myxedema
and the nephrotic syndrome are quite unknown although in both cases prolactin
levels are probably elevated. (Clark, Ray, Paredes, Ragland, Costiloe, Smith, Wolf,
1967.)
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Finally it has been suggested that prolactin may be involved in increasing
sensitivity to pain. If pain endings are sensitive to potassium and if prolactin
causes extrusion of potassium from cells with consequent increased sensitivity
of nerve endings, this would make sense. (Skutsch, 1972.)
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Section C: Hypothesis

Chapter 34

THE ROLE OF PROLACTIN IN HUMAN
PHYSIOLOGY AND DISEASE

In the last five years our knowledge of human prolactin has expanded dramatically.
Five years ago it seemed to be a hormone which although at one time vital for
human survival was destined to become a vestigial hormone, killed by a bottle !
Now it is apparent that its roles in the body are many, with lactation being only
one, and perhaps not the most important.

The outstanding feature of prolactin physiology - and this may well turn out to
be true of other hormones as well - is that it never acts alone. It always functions
in conjunction with at least one and often several other hormones. Pure and
classical methods of endocrinology which attempt to look at the effect of one
hormone in isolation will not in their strict purist form give much apart from
negatives where prolactin is concerned. Prolactin will yield up its secrets only to
the alchemist who is prepared to throw at least one other hormone into the soup!

Physiological actions of prolactin

As yet the basic actions of prolactin on protein, carbohydrate, lipid and other
metabolic pathways have been barely studied. When they are it may well be found
that prolactin is a hormone whose importance is on a level with that of insulin,
growth hormone or cortisol and that many of the anomalies which are at present
only too obvious may become more amenable when prolactin is added to the
brew.

As far as actions on specific target organs are concerned, the best established
ones seem to be those on the mammary gland, the kidney, the steroid-synthesising
glands and the male accessory glands. Less well studied are effects on the uterus,
the hematopoietic system and on the brain. There are reasons for believing that
prolactin may in some way be involved in the body’s defence system. The best
documented is its rapid secretion in response to stressful stimuli of almost any
kind. Much less well documented is the possibility that a particular role may be
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in the elimination of certain forms of infection and of small groups of neoplastic
cells.

With all these physiological actions of prolactin there are two outstanding
points to be noted:
1. The effects of prolactin consistently depend on interactions with other hormones
and those of other hormones depend on interactions with prolactin. Frequently
prolactin seems to be in the position of amplifying or even of changing the direction
of the effect of another hormone on a target tissue. This has been most clearly
shown in the case of the interaction between prolactin, aldosterone and ADH at
renal level.

2. The effects of prolactin may often be partially or completely imitated by
other hormones. Again this has been particularly clearly shown in the case of the
kidney where oxytocin has actions which in some respects are very similar to
those of prolactin.

Since prolactin can in many ways be imitated and since patients with an isolated
prolactin deficiency or an isolated excess due to a prolactin-secreting tumor rarely
show any serious disabilities or abnormalities, it may well be asked whether the
multifarious actions of prolactin are of much significance. The question can only be
answered in the context of an endocrine system composed of many interlocking
components which has been shaped by hundreds of millions of years of evolution.
In such a system it is probable that there are several semi-independent ways of
tackling any problem which is of genuinely vital significance. It is also probable
that destruction of any one of these will leave the overall system working near
normally. But this is very far from saying that the system destroyed is of no
significance even though the overall mechanism still functions. The principle is
very close to the fail-safe or redundancy principle so familiar to designers of all
types of modern electronic control equipment. The point of this is that vital
circuits may be independently duplicated or even triplicated so that if one or
two of the circuits cease to function, the machinery as a whole will not fail. In
a spacecraft, for example, there may be three independent circuits controlling
temperature. Two of these can fail and the spacecraft temperature will remain
normal. But try telling the spacemen that the two destroyed circuits were there-
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fore of no significance! Yet this form of reasoning is all too frequently applied
by physiologists working on control systems which are almost certainly consider-
ably more complicated than those of a spacecraft.

The fact that the overall system can work near normally in the presence of an
excess or a deficiency of a hormone is therefore no good reason for denying the
hormone a role in the system. What role then does prolactin play? It seems to me
that the most likely possibility is that its primary function is to amplify or to
attenuate when appropriate, the actions of hormones which by themselves might
be functioning either inadequately or excessively. Thus in the presence of a
partial deficiency of aldosterone, when the aldosterone secreted would be insuf-
ficient by itself to produce adequate renal sodium retention, the action of the
available aldosterone could be dramatically elevated by a rise in prolactin secretion.
In the presence of an aldosterone-secreting tumor the effect of the excess aldosterone
on renal function may be mitigated by reducing prolactin secretion and so effective-
ly abolishing the powerful sodium-retaining effects of the steroid. Excess cortisol
secretion may diminish prolactin secretion and so reduce the effect on ACTH on
the adrenal: diminished cortisol secretion may have the opposite effect.

Thus a deficiency or an excess of almost any of the hormones with which
prolactin interacts may be at least partially compensated for by changes in
prolactin levels. The change in prolactin levels will of course attenuate or amplify
the actions of all the other normally working hormones: the homeostatic mechanisms
will then produce appropriate changes in the levels of these hormones and the end
result will be that the functioning of the whole system has been slightly modified
in order to compensate for the one malfunctioning unit. A primary and sustained
deficiency or excess of prolactin itself will have little apparent effect provided that
all the other hormonal mechanisms are working adequately. They will simply
adjust levels up or down in order to compensate for the abnormal attenuation or
amplification of their action. On the other hand rapid changes in prolactin levels
will be much more difficult to cope with. The endocrine system may be thrown
into something approaching chaos as it attempts to compensate for rapid
alterations in the tissue effectiveness of a given hormone secretion rate.

Apart from the situation of rapid change, hormonal regulation in the steady

state will break down if a hormone deficiency or excess is too extreme to be
compensated by changes in prolactin levels. Prolactin, for example, may be
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able to amplify the action of small amounts of ACTH by increasing precursor supply
but it cannot compensate for a total lack of ACTH. In the presence of a small excess
of ADH and water retention prolactin may compensate by a falling level which will
reduce the effect of the ADH on the kidneys. This will also reduce the effect of
aldosterone whose secretion rate will tend to rise in compensation. But if the

excess of ADH is such that prolactin falls to a level where mineralocorticoids have
little or no renal action, then salt loss will ensue.

The other situation when hormonal regulation will break down is when two or
more hormonal defects are present simultaneously. The prolactin mechanism may
compensate for one but unless the other requires a prolactin shift of the same
magnitude and in the same direction it cannot compensate for the second
simultaneously. Sometimes in compensating for one hormonal problem another, not
apparent in the uncompensated state, may be revealed. A possible example of this
may occur during chlorpropamide therapy for diabetes mellitus. Evidence has been
presented to suggest that this may stimulate prolactin secretion. This would be
expected to amplify the effect of ADH, among other hormones, and to lead to
water retention. Most people, however, presumably with a normally flexible
control of ADH secretion do not run into any difficulty and seem able to reduce
their ADH secretion appropriately. About 4% of individuals do not and may run
into difficulties because of excess water retention. The chlorpropamide in these
individuals exposes an endocrine defect which would not normally have become
apparent.

Are there any actions which are carried out by prolactin alone and which cannot
by duplicated by other hormones? It seems probable that the action on the mammary
gland comes into this category. Two women with apparent prolactin deficiency as
shown by sensitive bioassay were identified initially because of a failure to lactate.
Another possible effect which may be specific to prolactin alone is the potassium-
rataining action. The body may be able to compensate for the retaining action of
high prolactin levels by means of the kaliuretic action of the mineralocorticoids:
it may not be able to compensate for the reverse disturbance in potassium metabo-
lism occurring in the absence of prolactin. The two women with prolactin deficiency
both suffered from recurrent muscular weakness which can be a feature of disturb-
ances in potassium metabolism.

The action of prolactin on potassium therefore deserves intensive exploration.
Mineralocorticoids at the kidney cause potassium loss and they stimulate the move-
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ments of potassium into cells. Prolactin at the kidney causes potassium retention:
if its cellular action is also opposite to that of mineralocorticoids it should cause
potassium to move out of cells. The overall effect might therefore be expected to
be reduction of intracellular potassium, increase of extracellular potassium and
reduction of potassium excretion. The last two effects might interact in a com-
plicated way as a result of increased delivery of potassium to the renal tubules.
It is interesting to speculate on the possibility that the intracellular potassium loss
occuring in the “sick cell syndrome” which not infrequently develops in those

with, for example, congestive cardiac or hepatic failure, may be partly attributed
to the elevated prolactin levels which are probably present in these conditions.

It is possible that these effects of prolactin may have profound consequences
on neuromuscular function. An elevation of extracellular and diminution of
intracellular potassium concentrations would tend to depolarise nerve fibres making
them themselves more easily excited but also able to release smaller amounts of
transmitter. The overall effect on the central nervous system might well be a
depression of activity coupled with an increased susceptibility to the development of
epileptic attacks. This of course is typical of the situation seen during phenothiazine
therapy when prolactin levels are high.

Equally interesting are the possible effects in muscle, particularly heart muscle.
The depletion of intracellular potassium would in the initial stages make heart
muscle more excitable and more likely to develop arthythmias but later would
tend to produce a complete loss of excitability. Again the possibility that such
changes may be important in arrhythmias occurring during anesthesia and surgery
should not be overlooked. Particularly striking is the fact that every one of the
cases of hypoaldosteronism so far reported has been accompanied by some form of
cardiac arrthythmia, usually heart block. Here the unopposed actions of prolactin,
probably present in high concentration in compensation for the lack of aldos-
terone, would be expected to produce particularly serious effects on potassium
metabolism.

Some of the effects of prolactin on smooth muscle might also be explained on
this sort of basis. Again prolactin would be expected to produce first an increase
in excitability with depolarisation and then a loss of all activity. We have noticed
that very frequently prolactin causes a flurry of increased activity on initially
adding it to a bath containing a uterine strip but that very soon this dies away
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and a prolonged inhibition of activity develops. (figure 2)

The relationships between oxytocin and prolactin are interesting because at
three separate end organs there is some evidence that they may imitate one
another or compete for similar receptor sites. At the kidney under conditions
when aldosterone causes sodium excretion and ADH causes water excretion
either prolactin or oxytocin may restore the sodium-retaining effect of aldosterone
and the water-retaining effect of ADH. This presumably indicates that prolactin
and oxytocin can occupy similar renal receptor sites. In contrast in more normal situat

oxytocin may have a natriuretic action: this might possibly be explained if it is
inherently a less effective molecule than prolactin and competes with prolactin
for receptor sites.

The other examples of prolactin-oxytocin interaction are less direct and clear-
cut. In the mammary gland oxytocin may siow down or prevent the involution
which normally takes place after prolactin withdrawal. It was this effect which
was similar enough to a prolactin action which led to Benson and Folley’s
probably mistaken conclusion that oxytocin injections could promote prolactin
secretion: at that time they did not believe that oxytocin could have such a
prolactin-like effect on the mammary gland. In the uterus too there is some
evidence of an interaction since prolactin may inhibit oxytocin-induced cont-
ractions though that in itself is no evidence whatsoever of an interaction at
receptor level.

If prolactin and oxytocin can indeed occupy the same receptor sites then this
indicates that at least for some types of activity most of the constituents of the
prolactin molecule may be redundant. This seems most nearly true of the
kidney where the effects of the two hormones in animals treated with cortisol
or a high salt intake are virtually identical apart from the fact that the action of
a single dose of prolactin seems much more prolonged than that of a single dose
of oxytocin. The prolonged action suggests the possibility that one of the functions
of the larger molecular size may be in some way to stabilise the binding of the
hormone to its receptor site. Oxytocin would then be a short-acting and prolactin
a long-acting hormone.
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Prolactin and disease

Prolactin may be involved in disease in several different ways. First, as with other
hormones there could be a primary deficit or excess of the hormone. A prolactin
deficit is likely to have only limited effects since many of the actions of prolactin
on target organs may be imitated and compensated for by other hormones. Provided
that the other endocrine control mechanisms are functioning normally the only
consequences of a prolactin deficiency are likely to be disturbances in potassium
metabolism and a failure of lactation. The lack of prolactin might be likely to

lead to renal potassium loss and an excess of intracellular potassium.

An isolated excess of prolactin would be likely to have even less effect than an
isolated deficiency provided that other parts of the endocrine system were
functioning normally. An excess of prolactin can be compensated for by appropriate
secretion or suppression of all the hormones with which prolactin interacts.

Despite this apparent lack of pathophysiological consequences prolactin may be
important in disease in a number of ways. First of all in situations where there is
another hormonal abnormality, an excess or deficiency of prolactin secretion may
lead to pathological situations which are obviously extensions of normal physiology.
Some examples of this are as follows:

1. In the presence of an isolated excess of ADH, the consequent water retention
may lead to suppression of prolactin secretion with failure of the normal interaction
between prolactin and aldosterone. Excessive salt loss will then occur.

2. An isolated aldosterone deficiency will lead to an excess of prolactin secretion
in an attempt to compensate for the sodium loss. This will lead to excessive
potassium retention.

3. An excess of aldosterone secretion will lead to sodium retention, suppression

of prolactin secretion and a loss of the normal sodium-retaining effect of mineral-
ocorticoids. The suppression of prolactin secretion will lead to excessive potassium
loss.

4. In any situation when there is a combined elevation of prolactin secretion with
that of ADH and/or aldosterone there will be abnormal renal retention of fluid
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and electrolytes with the development of edema.

5. An excess of adrenal glucocorticoid secretion may lead to a suppression of
prolactin secretion with potassium loss and a failure of the normal sodium-retaining
effect of mineralocorticoids.

6. A failure of adrenal steroid secretion will lead to an excess of prolactin
secretion which may lead to potassium retention and a failure of normal water
excretion.

7. Primary hypothyroidism may lead to elevated prolactin secretion as a result of
excess TRH secretion. This may lead to increased water retention.

8. In any situation in which prolactin levels aré elevated, provided that the other
endocrine conditions are correct, galactorrhea may occur.

It is conceivable that in the future a number of other pathophysiological
problems caused by prolactin in conjunction with other hormones may be demon-
strated. The most likely area for this to happen may be in the field of carbohydrate
metabolism where some forms of diabetes may perhaps be caused by excess
prolactin.secretion.

The effects of prolactin so far discussed will probably occur in all individuals,
irrespective of constitution, who are exposed to the appropriate levels of prolactin
and other hormones. It seems possible that there may be a whole range of other
diseases which may be precipitated by a given level of prolactin in those individuals
who are constitutionally susceptible. At the same level of prolactin, most other
people who are not constitutionally susceptible to the disease will not develop it.
In these diseases the relationship between prolactin and the appearance of the
disease is not a simple and conventional causal one. It is much more akin to the
relationship between smoking and lung cancer or to that between use of a relatively
safe drug and the appearance of untoward side effects in a small proportion of
users. In the sense that smoking causes lung cancer and drugs cause side effects,
prolactin may be said to cause these diseases. But this does not mean that in
any given population prolactin levels will necessarily be higher in those who develop
the diseases. What it does mean is that if prolactin is involved, lowering the
prolactin level, even though that level may not appear to be partictlarly elevated,
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should prevent or alleviate the disease process. With this type of disease a simple
study of the relationship between prolactin levels and the disease can never hope to
give definitive results because prolactin levels may be the same in those with and
without the disease yet in spite of this prolactin will be responsible for the appear-
ance of the disease in susceptible persons. The only definitive way to get an
answer is to manipulate deliberately the prolactin levels in a diseased population
and to look for changes in the disease process. If prolactin is involved, a lowering
of prolactin levels will in some of the diseased individuals produce objective
improvement: this may occur even if prolactin levels in the diseased population
are apparently normal before treatment. It is very likely that with this

type of pathological process, end organ sensitivity is more important than

plasma levels of the hormone.

The diseases which may be of this type are many. They include migraine, asthma,
epilepsy, theumatoid arthritis, collagen diseases, some forms of mental illness,
myocardial infarction and other forms of thrombo-embolic diseases. The striking
thing about this is that it is almost a definitive list of those illnesses where very
little progress has been made in recent years in spite of a colossal expenditure of
money on research. For this reason alone it might be thought worthwhile to
investigate a radically new concept, namely that these diseases may all be precipi-
tated by prolactin acting in individuals who are constitutionally susceptible. A
further reason for looking at the idea is that if it is correct, a method of treatment
is already available in the form of 2-bromo-a-ergokryptine which seems to be a
specific suppressor of prolactin secretion.

I fully admit that the hypothesis is somewhat wild and very unlikely to be
true. However, Popper has pointed out that provided that a hypothesis is testable,
improbability is actually a virtue. If a probable hypothesis turns out to be true the
advance made is inevitably relatively small. If an improbable hypothesis turns out
to be true, the resultant complete revolution in thought leads to dramatic advances.
I sometimes feel that grant-giving bodies should set some money aside for the
support of ideas which, although highly improbable would if true lead to tremendous
advances. Clearly I have a vested interest here, but the prolactin hypothesis is
immediately testable and if it proves true will lead to immediate and dramatic advances
in therapy in a whole range of diseases in which morale of both patients and doctors
tends to be low because of the relative lack of progress. [ hope therefore that many
scientists will be stimulated to start work in this area.
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Finally I should like to raise the question of what prolactin is doing when its
secretion rate rises in response to virtually any form of stress. To take a strictly
teleological approach, it would be surprising if it were not doing something and
I should like to suggest that it may be doing at least three different things,
mobilising metabolic resources to cope with the situation, preventing loss of
fluid and electrolytes, and also in some way stimulating the mechanisms which
help to eliminate viruses, foreign cells and malignant cells from the body. It is
interesting that there appear to be a number of situations where prolactin secretion
may be elevated and where there is a reduced incidence of cancer. The proposition
that prolactin may be involved in stimulating the body’s defences against cancer
should also be relatively easy to test since drugs like chlorpromazine which are
powerful stimulators of prolactin secretion are readily available. It should be
possible for example to test the effectiveness of radiotherapy plus chlorpromazine
treatment against radiotherapy plus placebo or to test the effect of giving chlor-

promazine for two months post-operatively to those undergoing surgery for
malignant disease. Again the hypothesis is highly improbable but again it is
readily testable and could immediately lead to advances in therapy.
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Prolactin as such is not listed in the index since all the entries refer to it in one way or another

Acety! choline, 29

ACTH, 17, 18, 20, 38, 136, 146, 148, 165

Addison’s disease, 124, 134

Adrenal cortex, 7, 17, 34, 35, 65,111, 124,
136f

Adrenaline, 29f, 106

Adrenal steroids, 34, 35, 53, 58, 73f, 81,
100, 106, 113,123, 126, 131, 136f, 144,
145, 165, 184f

Albuminuria, 81, 120, 121, 131

Aldosterone, 72f, 108, 120, 123f, 129, 136

Alimentary tract, 80, 173

Amenorrhea, 36, 110, 133

Amines, cerebral, 28f, 159f

Amino acids, 23

Amniotic fluid, 49f

Amphetamine, 29, 31, 107, 154, 159f

Androgens, 65, 66, 68,136

Anesthesia, 24

Angiotensin, 120, 136

Antidiuretic hormone, see vasopressin

Antihistamines, 32, 106

Arterial pressure, 79, 120, 138f, 165

Arthritis, 81

Assay in urine, 12

Asthma, 119, 144,171

Behavior, reproductive, 47, 118

Behcet’s syndrome, 119

Bioassay, 9f :

Bromoergokryptine, 31f, 43, 59, 63, 66, 79,
81, 104,107, 109, 110, 119, 131, 141,
157

Butyrophenones, 106

Calcium, 69, 81,113, 172,173
Cancer, 63f, 170f

Cancer induction, 66f, 170f
Cancer, mammary, 63f, 170f
Cancer, prostatic, 71, 156, 170f
Capillary resistance, 119, 132, 134, 145, 149
Carbohydrate metabolism, 18f
Cardiac arrhythmias, 130, 179
Cardiac failure, 78, 112, 125, 130
Cardiac output, 79, 120

CB 154, sce bromoergokryptine
Cellular origin, 6f
Chiari-Frommel syndrome, 110
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Chlordiazepoxide, 32, 106

Chlormadinone, 34, 105

Chlorpromazine (see also phenothiazines),
28, 68, 100, 102f, 132, 151, 156, 168,
170f

Chlorpropamide, 127, 149, 178

Cholesterol, 16f, 132,135,173

Cirrhosis, 7, 78, 125, 130

Clomiphene, 34

Clonidine, 32, 107, 142

Coitus, 42

Collagen diseases, 146f

Constipation, 119

Coronary thrombosis, 155f

Corpus luteum 16, 42f, 48f

Cortisol (see also adrenal steroids),
26,73, 136,140,157, 165

Cushing’s syndrome, 73, 124, 136, 140

Cyclic AMP, 8, 15,58

Deoxycorticosterone, 120

Deoxycorticosterone acetate, 73, 75, 124,
136, 140

Depression, 100, 122, 160f

Diabetes insipidus, 125, 126f, 149f

Diabetes mellitus, 119, 127, 131, 148f, 156

Diazepam, 32, 106

Disulfiram, 30, 167

Diuretics, 128f

DOCA, see deoxycorticosterone acetate

Dopamine, 26, 29, 30, 38, 39,97, 103,
106, 153, 158f

Drugs and prolactin secretion, 105f

Ectopic secretion, 113

Edema, 73, 78, 112, 120, 124, 125f

Enovid, 34, 106

Eosinophils, 80, 137

Epilepsy, 120, 151f

Epinephrine, see adrenaline

Ergot alkaloids, 26, 31, 32, 42f, 59, 104,
107, 142

Escape phenomenon, 125f, 131, 140

Estrogens, 26, 28, 32f, 36, 40, 48f, 59, 64f,
105, 109, 142, 1551, 171f

Estrous cycle, 40f

Ethacrynic acid, 128

Exercise, 24, 144, 156



Fasting, 22

Fat metabolism, 19

Feedback control, 89f, 97f

Fluid and electrolyte balance, 123f
Forbes-Albright syndrome, 111
Frusemide, 108, 128F, 132, 141

FSH, 29, 36f, 38, 40, 44,49, 112, 133
Furosemide, see frusemide

Galactorrhea, 35, 36, 46, 62,78, 109f, 121,
133,137

Glaucoma, 119, 173

Glucose metabolism, 19

Glucose tolerance, 18f, 119,122, 128, 130,
148, 165

Growth, 18

Growth hormone, 4f, 31, 81, 111, 123, 126,
145, 148

Guanethidine, 29, 107

Gynecomastia, 109, 112

Half life in amniotic fluid, 51

Half life in plasma, 13, 89f

Haloperidol, 26, 32, 106, 152

Heart block, 130

Homosexuals, 47

Hydramnios, 51

Hypertension, 120, 122,138

Hyperthyroidism, 99, 133f

Hypothalamus, lesions and stimulation, 35f

Hypothyroidism, 60f, 99,111, 112, 133f,
137

Immune system, 82

Insulin, 22, 58

Ions, and prolactin secretion, 8
Isolation, 4f

Kidneys, effects of prolactin on, 72f 123f

Lactation, 54f, 109f

Lactose synthetase, 59

L-Dopa, 26, 28, 29, 31, 69, 78, 100, 101,
102f, 106f, 110, 130, 133, 141, 153,
164f

LH, 29, 35, 36, 38,40,44,49,112,133

LH-RF, 26

Lithium, 108, 117, 127, 156, 159

Liver failure, see cirrhosis

LSD, 107

Male reproduction, 45f, 113
Mania, 160f
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Mastectomy, 113

Medroxyprogesterone, 34, 105, 110

Melatonin, 30, 82, 83

Menstrual cycle, 40f, 116f, 138, 148, 162

Mental jliness, 158f

Mestranol, 26, 34, 37, 65, 106, 110, 147

Metabolic clearance, 13

Methallibure, 37

Methyldopa, 29, 31, 107, 141, 153, 164

Methyltyrosine, 29, 106

Methysergide, 142, 166

Migraine, 107, 108, 119, 122, 142f

Milk secretion, 57f

Mitral stenosis, 120

Monoamine oxidase inhibitors, 26, 29, 31,
106, 159f

MSH, 69, 102, 153

Muscle cells, 130

Myocardial infarction, 155f, 171

Myxedema, 7, 134

Nephrotic syndrome, 81, 125, 131, 135
Neurons, 38, 118, 130

Neurosis, 116, 160f

Nocturia, 124

Noradrenaline, 29f, 98, 106, 158f
Norepinephrine, see noradrenaline
Norethynodrel, 26, 34, 37, 65, 106,110

Old age, 40

Oral contraceptives, 110, 117, 121f, 138,
142, 147, 1551, 165

Ovary, prolactin effects on, 15f, 42f

Oxytocin, 57, 73f, 123f, 126, 129, 180f

Pain, 174

Paraoxon, 32

Parkinsonism, 153, 166

Parturition, 52f, 54

Pentobarbital, 26

Peptic ulcer, 119

Periodic catatonia, 167

Phenothiazines, 26, 28, 29, 30, 31, 33, 65,
106,110, 135,153,158, 171

Phenoxybenzamine, 35

PIF, 25f, 31, 32, 33, 34, 37f, 55f, 97f, 105f,
141, 153, 158f

Pimozide, 30

Pineal gland, 82

Placental lactogen, 5f

Plasma levels, 21f, 88f
- 24 hour pattern, 21

Platelets, 156



Polyarteritis nodosa, 82

Potassium metabolism, 72f, 108, 116f, 123f,
1291, 136f, 140, 142, 149, 151, 157,
178f

Pre-eclampsia, 120f

Pregnancy, 7, 48f

Premenstrual syndrome, 108, 116f, 142,
162,163

PRF, 27, 37f, 55f, 97f, 158f

Progestins, 16, 26, 34, 42f, 48f, 59, 65, 105,
108,117,122

Prolactin inhibiting factor, see PIF

Prolactin releasing factor, see PRF

Prolactin-secreting cells, 4f, 50

Propanolol, 35

Prostate, 45f

Pseudopregnancy, 48f

Puberty, 40,112, 133

Pyridoxine, 165

Radioimmunoassay, 5, 9f

Receptors, 14

Red blood cells, 80

Renal failure, 78, 125

Renin, 120

Reserpine, 26, 29, 65, 68, 71, 102, 107, 126,
141, 152,153,156, 164, 170f, 173

Rheumatoid arthritis, 119, 145f

Rhinitis, 119

Salt intake, 121, 122, 138
Saluretic hormone, 125f
Sarcoidosis, 112f
Schizophrenia, 160f
Sebaceous glands, 69, 83
Secretion, 21f
- control of 25f
Seminal vesicles, 45f
Serotonin, 29, 98, 107, 142, 153, 158f
Short feedback loops, 37f, 97f
Sick cell syndrome, 129
Smooth muscle, 130, 144, 179
Sodium metabolism, 72f, 108, 116f, 123f,
136f, 142, 165,166
Starvation, 111
Stress, 23
Structure, 5f
Suckling, 54f
Sulpiride, 32, 106
Surgery, 24,111, 127, 149, 155
Systemic lupus erythematosus, 146

Testis, secretion of, 17
Tests of prolactin secretion, 97f
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Testosterone, 17, 26, 40, 45f, 105

Thalidomide, 32, 106

Thirst, 75,117,123

Thromboembolic disease, 155f

Thyroid hormones, 27f, 34, 60f, 99f, 112,
123,133f,137,165, 166, 167

Tolbutamide, 127, 149f, 156

Toxemia of pregnancy, 120f, 138

TRH, 271, 371, 55, 60f, 97f, 112, 124, 133f,
153, 158f, 168

Tricyclic antidepressants, 31, 106, 152, 156,
159

Tryptophan, 107, 165

TSH, 60f, 97f, 124, 133f,137

TSH-inhibiting factor, 101f

TSH-releasing factor, see TRH

Tuberculosis, 113

Tumors, mammary, see Cancer, mammary

Tumors, pituitary, 99f, 110f

Ulcerative colitis, 119
Uterus, 45, 46, 52f, 130

Vagina, 45
Vasopressin, 38, 73f, 108, 123f, 134, 149,
178

Water metabolism, 72f, 108, 116f, 123f, 136f, 142

White blood celis, 80

Zinc, 47





