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PRETACE TO THE ENGLISH EDITION

In prepanng an English version of my book Recherches
Recentes sur la Physwlogue et la Brockime de la Sécretion Laciee which
was published in December 1954 as No 18 of the senes
Actualites Buocktmigues under the imprnnt of Editions Desoer of
Liege and Masson et Cie of Pans, I have brought the text up
to date by mserting bnief references to papers published since
that ttime which appear to be important Apart from this and
the correction of such errors as have been brought to my
attention the text remams substantially unchanged In add:
tion to the acknowledgements made previously I should Ihe
to express my thanks t0 Mrs Gwen Stephen of the Classics
Department University of Reading for information about the
mythology of the ongin of the galaxy

After pl of the 1pt unfortunate circum
stances beyond my control intervened to prevent me from
seetng this book through the press This arduous and exact
g task was at once wilhngly undertaken by my colleague,
Dr A T Cowie to whom my grateful thanks are due Wit-
hout hus help, unsuntingly given, this book could never have
been pubhshed I am also grateful to Miss Anne Pendree
and Mrs M C Lloyd for help in the preparation of the index

The subject matter of these lectures embraces a field which
has occupied the Physiology Department of the National
Inststute for Research in Dairying for many years and n
offenng them m the form of a book I hope that 1t will be
found useful by medtrcal and veteninary students particularly
those taking the degree of B S¢ 1n Physiology or Biochemustry

Stunfield Fune 1955 s J FOLLEY
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FOREWORD v

Lister Insutute, London as well as to Dr Raymond Michel
of the Collége de France who also helped me considerably in
vanous ways with the preparation of my lectures

The expenses entailed 1n connection with the translaton
and preparation of these lectures for publication were met by
grants from the Bureau Scientifique de ! Ambassade de France
1 London, through the courtesy of Monsieur Rene Vann,
Consedler Culturel and Miss & X Vidal Hall and by the
Ciba Foundation through the courtesy of the Director Dr
G E W Wolstenholme o 3 £ To both these bodies I express
my sincere thanks

1 would alse Iike to acknowledge the great debt I owe to my
collaborators whose work forms the basis of the greater part of
these lectures and who kindly gave me permussion to quote
their unpublished expeniments Their names will be found 1n
appropnate places mn the text

It 15 a pleasure also to thank Mr G Machin for drawmng
the figures and Mr N Gruber for skilled photographic work
and my secretary Mrs Jean hang My thanks are also due to
all who have given me permussion to reproduce material from
published papers

§ J FOLLEY



FOREWORD

The lectures which comprise this book were delivered at the
College de France, where I was mvited as a viating Professor
m December, 1953 In preparng them for pubhcaton I have
changed them as little as possible from thewr original form

I should Iike first to express to Monsieur 1 Admmstrateur,
M Edmond Faral, and the Professors of the Collége de France
my deep apprectation of the honour accorded to me 1n issuing
their mvitation My gratitude 1s especially due to Professor
Jean Roche who gave me the hosprtality of his Department
during my stay 1t 1s to lhum that I owe the suggestion that
these lectures mght be published I am greatly in his debt for
hus mvaluable assistance m prepanng this editton for publt
cation 1 the series Actuslites Brochimigues 1 should also Iike to
record my mdebtedness to Professor Robert Courrier, Membre
de PInstitut who not only introduced me to my audience but
1n various ways did much to make my stay i Panis pleasant

There would have been no question of my being m a
position to accept the mvitation to lecture in the College de
France had I not been able to enhst the moral support and
encouragement of Professor A G Lehmann of the Department
of French Studies, Untversity of Reading who kindly put at
my disposal the valuable help of two of the staff of us Depart-
ment Monsteur Jean Gautier who willingly undertook the
difficult task of translating my lectures into French and Mrs
Antoinette Hunt, who took endless trouble to improve my
French pronunciation I would Iike to express my sincere
gratitude to them

For help with the translation of technical terms not found 1n
dictionartes my best thanks are due to Professor Marc Klein of
the University of Strasbourg, and Dr L Sazbo then of the



CHAPTER I

RECENT STUDIES ON THE DEVELOPMENT
OF THE MAMMARY GLAND

NORMAL POST NATAL DEVELOPMENT

Earlier comparative studies on the normal development of
the mammary gland in different reproductine phases, which
laxd the foundations of our knowledge of the endocrine control
of mammary development, suggested that growth of the
mammary duct system depended upon the presence of oestro
gen and that for extensive lobule alveolar deselopment luteal
mfluence was necessary in addition Later, when expennmental
analysis of the hormonal control of mammary growth by ex
penments mvolving the admunistration of pure hormones to
spayed females or males became possible, these generalities
resulting from observational studies though substantiated in
broad outline were found to be over sumplifications 1 the
case of some species The reader 1s referred to the review by
Folley (1952) for an account of these observational and ex
perimental studies

Recently there has been a quickemng of interest m the
development of quantitative and objective methods for study-
g mammary growth One Teason for this 15 the prospect of
practical application of fi i ledge of the hor
monal control of the mammary gland to the artificral samula
tion of udder growth and lactation 1n dairy cattle Such tech
mques should also prove valuable to workers in the cancer
field who are mterested m the mfluences determining the
architecture of the mammary gland mn various strains of mouse
The subject has reached a stage of development at which the
subjective and qualitative methods that have served m the
past can no longer be expectcd to lead to further progress the

of k ds the application of quantita

tive methods
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DLVELOPMENT OF MAMMARY GLAND 3

and mouse (Flux, 19544) The whole mount techmque 1s of
course not applicable to ‘three d: 1 glands like the
udder of the ruminant the human breast or the mamma of
the gunea pig, and other methods must be used for these

Mr K C Richardson of the Department of Anatomy,
Unuwersity College London with whom we have had the
advantage of working 1n collaboration, has evolved a tech

nique for the estimation of the total alveolar surface area m
the goat udder based on a method onginally developed by
another worker for application to Iung tissue Figure I 1 shows
the excellent hinear relationship between total alveolar area
and milk yield 1n a senies of hormonally developed goat half
udders (Richardson 1953), thus illustraung the usefulness of
Richardson s techmque This techmque, since it also affords
an estimate of the area of the secretory epithelium per umt
volume of uissue ( ‘porosity index ) also gives a measure of
the mean diameter of the alveolt This type of measurement as
appled to the goat udder, has been further developed by
Benson Cowie, Cox Flux and Folley (1955)

Though 1t has long been known that m many species the
mammary duct system undergoes a slow extension durmng the
penod from birth to puberty 1t has generally been beheved
that mammary growth remains substantially in abeyance
until puberty when the beginming of ovanan cycles was
thought to initiate a phase of a rapid mammary development
(sce review by Folley, 1952) Quantitative studzes of the rate
of increase mn the mammary gland area in relation to the rate
of enlargement of the body surface show that this 1s not the
case for the rat and mouse Nor as was shown some years
2go, 13 1t true for the monhey It probably does not hold for
any mammal

The first use of relative growth analysis which was de
veloped m France by G Tewssier and m England by J 8
Huxley, for the quantitative study of mammary growth n
the normal female was made many years ago mn the monkey
by Folley, Guthkelch and Zucherman (1939) Table I 1 ex
plamns the principles of relative growth analysis and gives the
termunology proposed by Husley and Tewssier (1936) The
value of the equilibrium constant a, which can be evaluated
by a sumple graphical method indicates whether the organ
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In species, such as the mouse, rat and rhesus monhey, 10
which the mammae, save m late pregnancy and lactation,
may for practical purposes be regarded as more or less flat
sheets of tissue so that they can be prepared for histologtcal
study as whole mounts, changes i the mammary gland area,
that 1s the area bounded by a line joning the peniphery of the
ducts give a measure of the rate of general extension of the
duct tree These measurements of course provide no inform?
tion about morphological changes withm that area such as
mcreased branching of the duct system or the formation of
multiphcation of alveoli In 1947 Dr A T Cowe and I
attempted to devise a scorng system, semu quantitative and
susceptible of statistical analysis, which we hoped would af
ford some measure of qualitative changes of this nature (Cowie
& Folley, 1947) More recently, improved and more ob
Jective techniques for estimating the degree of branching hav¢
been developed i our laboratory for the rat (Silver, 19539)
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Fig It Reclation between milk production
and total alveolar area 1n a series of half
udders from goats (from Ruchardson 1953)
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showed that over a wide range of body weights the breast in
the non pregnant female macaque grows faster than the body
according to the simple allometric law — presumably under
the speafic influence of ovanan hormones More detailed
studies of the dynamics of mammary growth using relative
growth analysis were later made m our laboratory n the rat
{Cowre, 1049) As Figure I 2 shows Dr Cowre found that in
the female rat the total area of all the mammary glands in

creased at approximately the same rate as the body surface,
that 15 1sometrically, until the 22nd-23rd day when a phase of
rapid allometnic growth abruptly set in In this phase « had a
value of 3 03 which means that the mammae were increasing
m area about three times faster than the body surface Ovan

ectomy at the 22nd day prevented the onset of the allometric
phase and sometric growth (« not sigmficantly different from
unuty) continued Since n our stramn of rat the vagma does
not open nor oestrous cycles begin unul the 35th—42nd day

1t 15 clear that the mammary gland begmns to grow faster thant
the body well before puberty a result which probably would
not have been revealed merely by the conventional quahta

tive examunation of whole mounts or thin sections In the
immature male rat, the increase of mammary area on body

surface was very sightly but sigmficantly allometric since «

Tanre 12

Fquilibrium constants for mammary growth relative to body growth
m the Norway rat

(from Silver, 19534)

Equilibrium constant

Sigmficance
Group {=) of the
(a) Silver  {b) Cowe difference
(19539) (199) @ —
Females (intact) 340t017 3o03+o013 P=oo0g
Males (intact) 117:h005 1114003 P>o1
Females

(ovariectomized) 1454009 1054010 P = 0005
Males (castrated) 1344008 1064012 P=ooy
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Tasre Iy
Relatue growth analysis

Law of ample allometnic growth (Huxley, Tewssier)
o= b
or logy = alogx - logd
¥ = total mammary gland area
x = arca of reference standard (body)
« = equbbrium constant
b = constant
If the law 1s obeyed, o plut of log y agamnst log = gives a straight
line wath the slope «
a>> 1 positne allometry
« < 1 negative allometry
@ = 1 1sometry

under study 1s growing faster than the body as a whole, 1f 1t 1s
then « 15 greater than umty In our study of the monkey, we
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Ewidence beanng on this question has recently been ob
taned 1n our laboratory (Silver, 19536) Mrs Silver found that
the mammary gland of the suckling rat shows no growth
response to  physiological  doses of oestrogen admunistered
between the 11th and 1gth days of age a finding which 15 1n
conflict with the earlier results of Astwood, Geschichter and
Rausch (1937) who reported that oestrogen would begin to
evobe growth of the rat mammary gland as early as the 16th
day However, 1t should be noted that the doses used by
Astwood and hus colleagues were relatively high and probably
unphystologrcal It was further found that low doses of cestro
gen admunsstered together with an antenior pituitary extract,
meffective by atself caused appreciable growth of the mammae
1n the young suckhng rat Simularly Sykes and Wrenn (1950)
have found that the mammary growth promoting effect of
oestrogen and progesterone 1n young calves was potentiated by
antertor prtuitary extract If, therefore as has been suggested
the role of the antenor patuitary 1n mammary growth 1s to

ensitize the to the ma effect of

1t would appear that 1n the suckling rat the piturtary 1s not
yet fully functional in this respect These expertments how
ever do not exclude the possibtlity that m the rat at least
some factor ingested in the mulk perhaps androgen, 1s respon
sible for the failure of the pitwitary to play 1ts part in mammary
growth

Relative growth analysis has also added to our knowledge of
the factors govermng the growth of the mamma n the normal
malerat The fact that the gland of the male rat grows 1sometn
cally or nearly so, and thatats speaific growth rate isnot affected
by-castrationd rates more d: ly than had pr ly
been possible that the testis has very httle effect on the growth
of the mammary duct system m the mntact male rat However
castration at 21 days prevents for a ttme the development of
the lobules of alveol which constitute a remarhable and char
actenstic feature of the mammary gland 1 normal male rats
first described long ago by Turner and Schultze {1g31) Al
veolar development in the mamma of the male rat would thus
seem to depend on the presence of the testis Nevertheless, as
we showed some years ago, (Cowze and Folley, 10947) some
alveol: eventually develop m the mammae of immaturely
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had a value of 1 1 and the relative growth rate was not aigny
ficantly altered by castration at 22days These findings have
since been confirmed and extended in our laboratory with the
samne strain of rat by Mrs Manan Silver She found, however,
as shown n Table I 2 which gives her equilibnium constants
together with those of Dr Cowze, that ovariectomy at ten
days of age, that 1s eleven days carlier than 1n the experuments
of Cowie, was eventually followed by a phase of shghtly allo
metric growth of the mammae (Silver 19534) This mught be
due to the action of mammogenic sterotds secreted by the
adrenal cortices under unrenutting stimulation by a prtwitary
released from ovarian control

Sumilar studies carned out i our laboratory by Dr D §
Flux on female muce of Strong s CHI strain showed that here
too the mammae grew 1sometrcally over the 7th-21st days of
Ife Asin the rat, a phase of marked allometry, the onset of
which could be prevented by ovanectomy, set m at about
24 days The value obtamned by Dr Flux for the equiltbrium
constant during the allometric phase (z = 5 22) wndicates
that after weantng the mouse mammary gland grows about
five times faster than the body surface by contrast with that of
the rat which grows only threc tumes faster than the body
(Flux 1954a) Whether tius species difference n specific
growth rate 1s m any way connected with the relative basal
metabolic rates of the two forms 1s a matter for speculation
In this stran of mouse the phase of rapid mammary duct
growth does not precede the onsct of cyclic avanan activty,
which occurs at about 28 days, by so long an interval as n our
strain of rat

While these studies establish the necesstty of the ovary for
the abrupt change from isometnc to allometric mammary
growth the nature of the mechanism mvolved and the reason
why allometric growth begins just when 1t does are not known
with certasnty It1s possible to discuss this questton n terms of
the time of maturaton of piturtary gonadotrophic function
and of ovanan resp ness to prtwitary infl Neverthe
{ess the fact that the change from 1sometry to allometry closely
follows weanmg may not be comncidental and rases the ques
tion whether the female rat secretes m her mulk a substance
which antagomises the mammogenic acton of oestrogen
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The figures represent whole mounts of approxunately half a mammary
sland from a male rabbut  (from Schacf and Lyons 1941)

I 201w oesirone per day 4 0w tixstmm: -
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1 20 s 20 mg progesterone per day

3 960 6 960
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gonadectomuzed rats and just as in the case of the female
spayed at 10 days already referred to, 1t secrs reasonable to
seeh the cause m enhanced production by the adrenal cortex
of mammogenic steroids, such as androgens or perhaps pro
gesterone, due to the disturbance 1 the endocnne balance
brought about by gonadectomy

EXPERIMENTAL ANALYSIS OF HORMONAL INFLUENCES

Oartan hormones We now come to the experrmental analysis
of hormonal influences :n mammary growth and will consider
first the ovanan hormones Early work mmvolving hormone
adminisiration pointed to the general conclusion that of the
ovarian hormones oestrogen 15 more particularly responsible
for the growth of the mammary duct system while pro
gesterone, acting in concert with oestrogen, 1s necessary for
full alveolar growth Later work has shown that in forms such
as the mouse, rat and monkey progesterone alone, if enough
1s given, will evohe development of the alveolt and perhaps of
the ducts i spayed animals unprimed with oestrogen For a
review of the above mentioned studies the reader should con
sult Folley (1952)

The general conclusion emerging from the early studies a
conclusion which d Ily remains unshaken by the Jatest
work, was that both oestrogen and progesterone are needed for
the experimental growth of a gland comparable morphologic
ally with that of mid pregnancy However 1t was apparent
from the outset that varions species show considerable differ
ences 1n the nature of the growth response of the mammary
rudiment to oestrogen and on this basis three broad categories
among laboratory and domestic animals can be disunguished
though we must not forget that interpretatrion may be compht
cated by the possibility thatspayed animals may stll possess a
source of progesterone n the adrenal cortea

The first category mncludes the mouse rat, rabbt and cat
1 all of which the male gland 1s equipotental with that of the
female In the mammae of spayed females or of ntact or cas
trated males of this group oestrogen in physiological doses
evahes pnmanly and maly duct growth, alveol: only appear
ing when lugher doses are guen and when admmustranon 1s
prolonged This last powt 1s 1tlustrated by the rabbitin which,
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as Lewss and Turner (1941) and others have shown, mammary
alveoll can be desveloped by high doses of oestrogen 1f applied
for long enough It might therefore be quesuoned whether
the rabbit should be included in the present category How-
ever, the stnhmg synergism between oestrogen and pro-
gesterone shown i the beautfully clear-cut yesults of Lyons
and his collaborators (Lyons and McGinty 1941, Scharf and
Lyons, 1941),some of which are shown 1n Plate 1 3 effectively
disposes of such doubts This Plate shows whole mounts of
mammary glands of male rabbats some of which had recened
oestrone and others oestrone and progesterone The synergisuc
action of progesterone 1n causing lobule alveolar growth 15
quite evident.
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normal mammary growth process as judged by the equilt
brium constant and by the mcrease m duct buds and branches
by starting wath a dose of 0 1 pg oestradiol dipropionate every
other day when the rats were 21 days old and increasing the
dose stepwise with the body weight Figure I 4 shows how
closely she was able to mmtate the relatne mammary growth
rate of the mtact female rat Mrs Silver was also able to obtam
evidence that asR Hertz first showed for the oviduct of the fowl
and for the rat uterus folic acid 1s concerned m some way i
the growth response of the mammary ducts to cestrogen This
15 illustrated 1 Figure I 5 which shows that the relative rate
of mammary growth in response to the admumstration of
oestradiol dipropionate 1s d hed by the ad tion
of amnoptertn, a powerful folic acid antagonist, even when
the food mtake of the control rats was restncted to that of
those recerving the antagomst (Siher, 1954)

TasLe I3
Effect of oestrone on the area of the mammary glands of CHI mice
(from Flux 19544)
6 ovanectoruzed mice per group

Total mammary gland area

Teaiment oy wedons e ot 43 ds of age
o1 ml arachis ol 64
001 ug oestrone m o1 ml ol 129
0055 pg oestrone m o1 ml ol 669
010 pg oestrone . o1 ml al 695
Intact controls 565

In the mouse Dr Flux has found m our laboratory as
shown 1 Table I 3 that 0 01 g oestrone daily from 21 to 42
days of age about doubled the total mammary area aver that
of ovarnectorzed controls at 42 days so that the threshold
dose for the mouse must be somewhat lower than this (Flux,
19544) However, somewhat higher doses o o55 pg/day, were
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Information about the body levels of oestrogen which prob
ably obtamn during the allometric phase of mammary growth
m the immature normal female rat has been obtamed by
Mrs Silver 1n our laboratory by means of relative growth
analysis She found (Silver, 1953a) the threshold dose of
oestrogen for the mduction of allometric mammary growth in
spayed 1mmature female rats to be 1 the neighbourhood of
0 o5ug oestradiol dipropionate njected subcutaneously every
two days In the young spayed rat she could best mimic the

Log,, total mammary gland area (mm%)
~
o
T

251
22 é
%
Zif 7
A T T 17 iz [}

Logy, {body weight (g)]
Fig Is5 Effect of aminoptenn on the
growth of the mammary gland 1n the rat
{from Siler 1954)
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necessary to attamn mammary arcas not sigiificantly different
from those of comparable intact muce

The second of the aforementioned categories comprises
forms 1n which oestrogen 1n more or less physiological doses
evohes extensive growth of the mammary lobule alveolar §s
tem as well as of the duct trec The earlicst known example 13
the guinea pig wn which, as 1s well hknown, functional mammae
can readily be developed in erther sex sumply by oestrogen
admmistration Though earlier workers belicved that com
bined treatment with oestrogen and progesterone had no
greater effect on the guinea pig mamma than treatment with
ocestrogen alone recent work by Dr Cowie, who gave the
two hormones 1n various ratios to spayed females and sub
mutted sertal sections of the mammae to a sem quanttative
system of gland assessment 1ndicates that both progesterone
and oestrogen 1n the correct ratio are necessary for optimal
lobule alveolar development 1n the guinea pig Someof his
results (Cowie 1951) are illustrated in Plate I6 which
shows typical sections from the mammae of gumnea pigs 1t
cewing the hormone treatments indicated The effect of pro-
gesterone on lobule alveolar growth can be seen by comparing
the upper and lower nght hand figures

Also included 1 this category are the domestic rummants,
i particular the cow and goat mn which however the male

y rud 15n0t equif Iwith that of the female

The extensive udder development obtainable wath oestrogen
2lone was first demonstrated 1n the intact goat in our labora
tory fifteen years ago (Folley Scott Watson and Bottomley,
1940, 1941) and similar results werc later obtatned by
numerous workers i extensive experiments on cattle

In most of the earlier investigations no detailed morpho
logical studies were made, the occurrence of extensive alveolar
growth 1n response to oestrogen being mferred from the con
siderable mutk yields often given by the treated amimals and
sometimes from macroscopic mspection of shiced udders
(Plate I 7) Moreover, since mtact ammals were mostly used
the possibility that progesterone of ovanan ongin participated
1n the responses could not be discounted Nevertheless the
magmtude of the mk yields, the appearance of macro udder
shces from the treated ammals, (eg Plate I'7) and such
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Hustologrcal observations as those of Lewss and Turner {1g942)
and Muner and Turner (1g43) on oestrogen treated goats,
left no doubt that treatment with oestrogen alone caused
extensive lobule alveolar development 1n the ruminant That
this conclusion was justificd 15 shown by our later experiments
on gonadectormzed goats, one of which is illustrated 1n Plate
I 8 which shows a section of a half udder prepared by Mr
K G Ruchardson from an ovanectomized virgin goat which
was treated with oestrogen for 20 weeks cxtensive alveolar
development occurred 1 thus gland

However the great variability of the lactational responses
to a given treatment observed by moast workers, and the fact
that even the best mlk yields were below those to be expected
from simular amimals after parturition, suggested that udders
artificially developed by g tend to exhibit
some abnormality or deficiency 1n glandular structure Indeed,
over ten years ago Muxner and Turner (1g43) reported lusto
logrcal abnormahties 1n the glands of virgin goats treated for
long periods with stilboestrol These mamly comprised grossly
dilated or cystic alveoh with papillomatous epithelal out
growths Combnations of oestrogen and progesterone, on the
other hand gave glands i which cystic alveolt were not 5o
promuent Recently our group (Cowie, Folley, Malpress and
Ruchardson 1952) have made extensive morphological stu
dies, by the aforementioned special methods developed for
the purpose by Mr Richardson, of udders grown i imma
turely ovariectomszed virgm goats by treatment with com
binations of hexoestrol and progesterone 1n various proportions
and at different dose levels 1 comparison with the udders
resulting from treatment with hexoestrol alone The Jatter
showed vanous histological abnormalittes of which the most
stnhing and probably most significant functionally was a
marhed deficiency of total epithelial surface probably because
most of the alveols were too large as compared with those
found 1 the udders of normally lactating goats A section
showng such dilated alveol 1s shown at the bottom of Plate
I'y The mddle section shows that they are largely absent from
udders grawn with switable combmations of cestrogen and
Progesterone, both these may be compared with the top
section which s from a normal goat udder All are photograph




PLATE 17

« s$524d}p)
PP A pw [y IS P W0y 100IS90X3Y UM JUIUNTa Aq prdofaacp uoﬂﬂ:«w._ﬂ_._o co___u‘..M

A P
/73 4y
e %ﬁ A
*\5 rr S, b
BT LI oty

4 T bf L 2
A RGN
M ENY é,;..&w. R ST

v

L

-

e ”
WS St
:
s



DEVELOPMENT OF MAMMARY GLAND 15

mdication which was upheld by morphological studies of these
udders

Syhes and Wrenn (1951} have described somewhat sinlar
hustological ahnormahues m the arufically grown udders of
cales and cows recewmg stitbaestrol and found that pro
gesterone tn sufficient doses largely abolishes these abnormal
mamsfestations Moreover, Remeke Mestes Cawry and Huff-
man {1g952) have succeeded i dev eloping 1 heiers and cows
byt with gen and prog udders whch,
because they have nelded much more suth than has been ob
tamed 1 previous studws mvelving treatment with oestrogen
alone must presumably be maore comparable structurally
with the udder resuiting from normal pregnancy

"The last of our three categones of ammats comprises those in
which gestrogen alone in physiological dases causes hittle or no
mammary development sot even of ducts The only wstance
which has been adequately reported s the bitch which was
studied by Trenun de Vate and Gardner {1952), but since
Hammond and Marshall (1930) found very httle mammary
duct growth in the oestrous ferret even after protonged oestrus
1t seems Lhely that the fervet belongs to this class also

Antertr prtutary hormones Lt us now turn to the connder
ation of the role of antenor prtwitary hormones m mammary
growth The relation of the anterior prtuitary to mammary
development became a live 1ssue soon after the discovery by
Stnicher & Gructer (1928) m Strasbourg of the lactogerc
action of anterior pitwitary extracts The early report of
Corner {1930} that antenor piwitary extracts developed the
mammae of spayed rabbits was the forerunner of 3 number
of simular clayms For mstance W R Lyons has always
mamtaned that lactogemc prewstary preparations would cause
mammary development and s mgemous demvnstration
{Lyons 1942} that punfied prolacun wilj cause locahzed al
veolar hyperplasia i those and only those sectors of the
rabbit mammary gland imto which munute quantities of the
hormone soluten have been injected would seem to afford
good evidence (prosided the profactin used was of hagh punty)
that at least one antenor pitwtary hormone can exert dirett
mammogens effects at any rate on a gland which s under the
nfluence of a normal piturtary
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ed at the same magmification Another of these hustological
abnormalities, an immature lobule, 1s shown m Plate I 10,
and Plate I 11 shows the epithehal papillomata which were
also found Table I 4 gives results which show that progesterone
prevents the occurrence of all three types of abnormal develop
ment provided the oestrogen dosage 15 not excessive Richard
son (1953) has since confirmed, on further eaammation of

TabLe I 4

Occurrence of varwus bpes of hstological abnormality
hormonally developed goat udders
(from Cowie, Folley, Malpress and Richardson, 1952)

No of goats m wlich the udder

No showed
Treatment F G aeoh EEE!Y pnoae
goats - —————" | bulas

Sub- Intra
capmidar 151 Al U Ducte

Hexoestrol (1 mg/day) 7 5 1 o 3 1

Hexoestrol {1 mg/day) +
progesterone {40 mg/day) 6 6 2 4 4 2

Hexoestrol (0 25 mg/day) 2 2 1 2
Hexoestrol (0 25mg/day)+2 o o o o ©
progesterone (1oomg/day)

Hexoestrol (0 25mg/day) +

progesterone (40 mg/day) 2 1 o o ] o

material from these experiments that progesteronce sigmifi=
cantly mncreased the area of secretory epithellum per umt
volume, that 1s 1t produced alveol: falling within the normal
size range More recent experiments in our laboratory (Benson
et ol 1955) mdicate that sutable doses of oestrogen and
progesterone given to spayed virgin goats develop udders
which give reasonably umform mlk yields as between differ

ent ammals while the ncidence of appreciable asymmetry of
yield between the two halves of any one udder 13 much re

duced as pared with goats r oestrogen alone Both
these observations are suggestive of histological normality, an
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Section of an udder half from an ovanectomized virgin goat winch had recaved | 0mg
hevosstrol dagly for 96 dass (phatagraph provuded &y Mr A C Richardsony
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Al workers m the field would agree that the anteror pit
uitary must be regarded as the mainspring of the hormonal
mechamsm governng the growth of the mammae 1 the nor
mal female if only because 1t controls the secretion of those
ovarnan steroids long recognized as the essential instigators of
mammary development But i addition to effects mediated by
the ovary we must consider the possibility that the anterior

decel

pitutary can indrwectly nfl y P
through the other target glands the adrenal cortex and
thyrod

Studies of the effects of adrenalectomy on the structure of
the mammary gland have given rather conflicting and by no
means dramatic results and so have not contributed much
formauon on the role of the adrenals in mammary growth
Thus Chamorro (1946) couid see no effects in the rat though
we ourselves (Cowie and Folley 1947) hke Trentin and
Turner (1947) have observed regressive changes Qther wor
hers on the other hand have reported mcreased duct growth
and budding after adrenal y (Reeder and Leonard,
1944, Johnston und Smuthcors, 19¢48) As regards the mammo
geme effects of steroids which have been 1solated from the
adrenal cortex, there 15 evidence from more than one labora
tory (Van Heuverswyn, Folley and Gardner, 1939 Speert
1940) that deoxy corticosterone 1s active tn this respect though
contrary observations have been reported, notably by
Chamorro (1945) However, 1t 1s doubtful whether deoxycorti
costerone 1s secreted in sigmificant amounts by the adrenal
cortex under phystological conditions As regards the 11
oxygenated corticoids Flux (19546) has recently shown in
our laboratory that these steroids are not only devoid of
mammogenic activity 1n the ovanectomized virgin mouse but
that they also mhubit the growth promoting effect of enogenaus
oestrogen on the mammary ducts Cortisone also antagonices
the effect of endog oestrogen since 1t
inhibits mammary duct growth m mtact female mice On the
other hand 11 deoxycorticosterone acts synergistically with
oestrogen in promoting mammary duct growth 1n the spayed
mouse Plate I 12 illustrates these results, it shows at the
same magmfication whole mounts of comparable mammary
glands from spayed mice which recerved the treatments in




PLATE 110

An immature lobule from a gland developed in response to cestrogen and

in an ov virgin goat note the pertpheral
distribution of enlarged alveoli (from Cowie Folley Malpress and
Ruchardson 1952)



PLATE 19

Sections from the udders of goats at the same magnification —
Top Section  from the udder of a normal goat in lactation
Middle Section from an udder developed with hexoestrol and
progesterone
Bottom Secnion from an udder developed with hexoestrol alone
(from unpublished work of Mr K C Richardson 1o whom I am indebted
Jfor the photographs)



DEVELOPMENT OF MAMMARY GLAND 17

dicated The two upper prctures show how cortisone markedly
d hes the g effect of ad d oestrogen
while the two lower ones show that deoxycorticosterone has
the oppostte effect However, there 1s reason to beheve that
the adrenal cortex can produce other steroids including oestro
gens, progesterone and androgens which are known to possess
mammogenic properties and 1t 1s worth noting n this connec-
von that Nelson {1941) found that ACTH caused mammary
growth in the spayed but not the spayed adrenalectomized rat

Nevertheless 1t seems doubtful whether the adrenals play
a sigruficant role m normal mammary development, since not
only could we ourselves find no marked inhibition of mammary
growth in the rat as a result of adrenalectomy, but we could
detect no significant reduction m the mammogenic effect of
an unfractionated ox antenor pituitary extract in adrenal
ectormzed rats {Cowie and Folley 1947) This conclusion has
found a supporter 1n Jacobschn (1g4g) on the basis of inter
esting expeniments on rats jomned 1 parabiosis

Sumilarly as regards the thyroid there 1s no evadence that
1ts secretions are essential for mammary growth though there
are many findings somewhat complicated and even at first
sight rather conflicing which suggest that the thyrord hor
mone may regulate the respectie growth rates of both ducts
and alveolr 1n response to the appropriate stimult Recent
studies by various workers on the rat and mouse lead to the
general conclusion that m the former hypothyroidism in
duced by thyrod or by ad ratron of ant: thyroid
drugs leads to enhanced development of the alveol: and often
but not always of the duct system as well, 1n response to oestro
gen and prog erther ad d experimentally or
endogenously produced while the administration of thyroaine
has the opposite effect In the mouse on the other hand hypo
thyroidism seems to nhibit mammary development while
muld hyperthyroidism stmulates 1t As Trentn Hurst and
Turner (1948) suggest the explanation may perhaps be sought
1n the relatve thyrord secretion rates n the two forms, that m
the normal rat probably being somewhat above the optimum
for mammary growth while in the mouse the opposite may be
assumed to be the case This hypothests provides an 1ntells
gible explanation of many apparent discrepancies among the
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Abnormal folding of the alveolar epithehum found mainly in goat
udders developed by high dosages of oestrogen without progesterone
(from Cowie Folley Malpress and Richardson 1952)
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y des m hypoph d animals Itwas
from the rcsulzs of (hcsc and ‘other eapenuments that Turner s
mammogen  theory was developed To enlarge on the car]
1er evidence for and agamst this still controversial theory 1s
beyond the scope of this book A full discussion 15 gnen g the
restew by Folley (1952) It must suffice to pont out now thatin
the hght of continued experiment the theory has undergone
important modifications at the hands of 1ts onginators They
no longer beheve that the antemor piuitary secretes two
mammogens responsible respectnely for duct and akbveolar
developraent the first of which unlike all other antenor
pritary hormones s a hposd soluble substance Trentin and
Turner {1948} now feel that both duct and aheolar growth
can be asenbed to the achon of a ungle piturtary factor or
complex of factors associated with the protemn fraction and
they admit that the of a specfic It hor-
mone distinet from the uix well known prtustary hormones
carnot be ded as tusisely established at the present
tme It may rcasonably be said that the mammogen theory
would carry more if a speaific gen could
beseparated from the priuitary i a state of reasonable chem
wcal and biclogical punty In any event as prtwitary hor
mones become avadable in an ever mcreasing state of punty
our progress towards a deeper understanding of the role of the
piustary i mammary development must mnevitably advance
Some progress towards this goal may be seen in expersments
recently reported by Lyons and by Nelson which argue rather
strongly agamst the need to postulate the existence of spectfic
antenor pituitary mommogens Lyons (1951) successfully
sought hormone combinations which would sustam lobule
aheolar growth i virgin female rats subjected to a varety of
operative procedures and fouad mm aha lh:st lobule als colm‘
growth could be evoked 1n hy pophy d oran
218 by adwamsranon of cestrone  progesterone and punfied
prafactin though the alveol grew more extenswely 1f 3 cruder
prolactin comtamng ACTH and somatotrophin was used
Plate I 53 shows part of the mammary gland of a rat possess
ng neither ovanes nor pituitary and whach was given oestrone,
progesterone and prolactn This hormone combmaton pro
duced guite extensne alveolar development but the complete
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experimental results in ths field and fits 1n wath the concept of
a regulatory role for the piturtary thyrord mechanism in mam
mary growth

Our own expertments (Cowie and Folley 1947) provide
evidence that antertor piturtary extracts can exert mammo
genic cffects that are mediated by neither ovanes nor adrenals
since our unfractionated extract evoked mammary develop-
ment 1n d d adrenal d rats, that 15 1
ammals which provided accessory cortical tissue was absent,
possessed no known major source of steroids (steroprived rats)
If then, these experiments can be accepted as deaisie, the
possibility that the piturtary does no more than play a so
called permussive or sensitizing role or else a synergistic role 1n
relation to the mammogenic steroids 1s excluded and we are
left with a direct mammogenic effect as suggested for prolactin
by the aforementioned imntraduct mnjection cxpertments of
Lyons (1942) If prolacun is indeed a direct mammogemc as
well as lactogenic hormone 1t should be pomnted out that
naither our expenments nor those of Lyons exclude the poss:
bility of other pituitary hormones bemng also needed m a
¢ permussive  or synergistic role, since 1n both cases antmals
possessing pituitaries were used In additon, the possibility
that the prtuttary growth hormone somatotrophun, 1s concern
ed mn mammary growth was suggested by the expertments of
Nathanson, Shaw and Fransecen (1939) and of Reece and
Leonard (1941) and further evidence that this 1s so has re
cently come to hand Lyons Li and Johnson (1952) have
shown that rophin aug the ma g action
of the hormone tnad oestrogen progesterone and prolactin
1 the hypophysectormized female rat (see also Lyons L, Cole
and Johnson 1953) The same group {Lyons, Johnson Cole
and L, 1955) have also shown that in the young hypophysec
tomized male rat somatotrophimn along with oestrogen and
progesterone sumulate some degree of mammary duct growth
even without prolacun

The question whether the antenor pituitary sccretes specific
mammogenc hormones distinct from ats six well authenticated
protein hormones was, as 1s well known raised by C W Tur
ner and hus school many years ago, principally because they
found that ovanan stcroids were meffective 1n promoting
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alveolar development typical of late pregnancy seemed to
require somatotrophin 1n addition (Lyons et al 1952, 1953,
1955) The prolactin preparation could be replaced by one
12 day rat placenta daily, which suggests that n the later
stages of pregnancy, at least in the rat, the placenta can assume
the role of the prtuitary n secreting prolactin or a substance
with the same brological properties (Ray, Avenll, Lyons and
Johnson, 1955) The experiments of Nelson (1951) were main
ly concerned with the hormonal mamtenance of oestrogen
nduced pseudo pregnancy with 1ts accompanying mammary
development 1n virgin female rats varously treated and his
results also permut of the conclusion that besides ocstrogen and
progesterone, only well recognised piturtary hormones, prin
cipaily prolactin but probably also ACTH and somatotro
phin are required for complete lobule alveolar growth mn the
rat The design of both studies was such as to emphastze the
probable dual role of prolactin in normal mammary growth
the lutcotrophic effect by which progesterone secretion 15
mamntauned and a direct ‘mammogenic * action They also
show that cestrogen and progesterone participate in mammary
growth more directly than as mere prtuitary excitants

Smce many recent studies pomnt to the hypothalamic con
trol of prturtary function the possibihty that neural and even
psychological influences may exert an overnding influence on
mammary development in the normal ammal cannot be over
looked This concept, formerly beheved to be contra mdicated
once for all by mammary transplantation experiments such
as thosc of Stricker (1929) which showed that the gland will
grow 1n the absence of direct nervous connections must now
be reconsidered 1n the hight of the posaibility that the mechan
1sm controlling mammary growth must be regarded as neuro
endocrine 1n nature the endocrine phase compnsing a com
plicated and delicately balanced dynamuc equihbnium centr
g round the antenor pituitary
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treated with oestrogen progesterone and a prolactin preparation (from Lyons 1951)
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CHAPTER It

THE INITIATION OF MILK SECRETION
(LACTOGENESIS)

THE BIOCHEMISTRY OF LACTOGENESIS

This chapter 1s concerned with the imtiation of mulk secr
etion a process hnown as lactogenesis Expeniments involv-
g the removal of the pituitary gland performed many
years ago showed that the integnty of the hypophysis 1s
necessary for the mitiation of mulk secretion (for review see
Folley 1952) Other experiments involving the admimstra
tion of prtuitary extracts were even more lluninating for they
proved thatthe hypophysis provades a posttive Jactogenic shmu
lus The pioneer work 1n thus latter field was that of Strcker
and Grueter (1928) carned out in Bouin s laboratory at Stras
bourg and this was soon followed by the general realization
that anterior pitustary lactogenic extracts contam a speaific
hormone capable of imtiating lactation 1n functionally com
petent mammary tissue This hormone 1s nowadays generalty
called prolactin but the alternative names, mammotrophin
or luteotrophin are sometimes used An interesting first hand
account by Stricher (1951) of what many regard as essentially
the discovery of prolactin was recently given to a conference
on the physiology of mulk secretion appropriately held n
Strasbourg

The prompt and persprcacious identification by Riddle
Bates and Dykshorn (1933) of this presumed lactogemc hor
mone with a principle present in antertor-pitultary extracts,
which induces enlargement and secretion of the pigeon crop
gland provided the specific and convemnent method of bioassay
whach 15 essential for raptd progress m the chemtcal punfica
tion of any new hormone In the case of prolactin this went
forward to such good effect that 1t was the first pituitary pro-
temn hormone to be 1solated as a pure or nearly pure protein
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at least as judged by the cnitena available at the present time
In view of this 1t 15 not surprismg that considerable progress
has been made by now in elucidating the chemustry of pro-
lactin

The mgemous and elegant expeniments of Lyons (1942),
later repeated by Metes and Turner (1948), and 1 extensie
work 1 our laboratory by T R Bradley (unpublished) m
which localized lactation was 1mtiated 1n sectors of the rabbit
mammary gland by the injection of small amounts of prolactn
mto the appropnate teat canal neighbouring untreated sec
tors remaining quite unaffected suggest that prolactin exerts
a direct action on the mammary epithelum Plate II'1,
taken from Lyons (1942) showsa portion of 2 whole mount
of a mammary gland of one of hus rabbuts mnto one teat canal
of which prolactin was mjected The secretory hypertrophy of
the alveol: of the treated sector, shown at the bottom nght,
contrasts with the undistended alveoh visible 1n the upper left
of the picture However, since the rabbats used by Lyons were
not hypophysectomized the possibihty that other prtuitary
hormones of endogenous ongin participated 1n the response
was not excluded That other antenor prturtary hormones, 1n
addition to prolactin are indeed concerned n lactogenes:s 1s
suggested by eaperiments carried out many years ago 1n the
laboratories of Nelson Gaunt and Tumner which showed that
while systemic 1njections of unfractionated antertor pitwtary
extracts readily imitiate mulh secretion m hypophysectomized
anmmals possessing the necessary mammary development,
treatment with partially punfied prolactn does not do this
(Gomez and Tumer, 1936, Nelson and Gaunt, 1936) Thus
by the cnitenon customanly appled to the speaficity of re
sponses to anterior pitwitary hormones namely that these
should be himuted to responses elicited 1 hypophysectormized
ammals, lactogenesis cannot be considered to be a specific
response to prolactin alone Successful itiation of lactation
achieved by the same groups of expernnmenters in hypophys
ectonuzed ammals by adrmumstration of partally punfied
prolactin together with AGTH, adrenal cortex extracts or
cortisone (e g Nelson, Gaunt and Schweizer 1943) shows
that the pituitary adrenal mechanism s alsoinvolved 1n lacto-
genesis In view of thus 1t 15 evident that until 1t 1s possible to
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work with undemably pure piturtary hormones we cannot be
certain whether other hypophysial functions may not be n-
volved as well The observauons of Mettes, Trentin and Turner
(1942), who reported that adrenalectomy did not entirely
prevent the onset of lactation mn the rat at parturition, support
this concept rather than otherwise since these worhers ad

mutted that the secretory activaty 1n the absence of the adrenals
was very feeble

In view of what I have said 1t 13 pethaps more logical, as
suggested by Folley and Young (1941), to regard lactogenesis
as a response fo the co operative action of more than one
anterior prturtary hormone rather than as a response to a single
specific lactogenic hormone In other words we should think
1n terms of a prtwitary lactogenic hormone complex It cannot
be demed however, that prolacun 1s the iimung factor in
most experimental situations mvolving the antmal possessing a
pitustary gland though, as the experiments of Reece (193g)
and others show, the experimental imtiation of Jactation 1n the
pseudo pregnant rat 1s an example of a case in which the mnter
vention of the pituitary adrenal mechamsm n expenimental
lactogenests 1s manifest The pseudo pregnant rat 1s notortous
ly refractory to the lactogeni. action of prolactin preparations
Reece (1939) however, found 1t possible to imtiate lactation
1n pseudo pregnant rats by admimistration of partrally punfied
prolactin together with adrenal cortex extract More recently
addinonal light has been thrown on the hormonal factors
necessary for lactogeness 1n the rat for Lyons Lt Cole and
Johnson (1953) have reported the expenmental mittation of
lactation 1 hypophysectomized ovariectormzed virgin rats,
possessing switably developed mammary glands by treatment
with prolactn somatotrophun and ACTH or cortisone (see
also Lyons Johnson Cole and L1 (x955) for hypophysecto
nuzed male rats)

Further progress in gamng insight into the mecharsm of
lactogenesis must come from the exploration of biochemucal
pathways and the groundwork for advance along these lines
15 now being laid Though abundant lactation does not set 1n
until parturition or shortly thereafter there 15 ample cyto
logical and biochenucal evidence of secretory changes 1n the
mammary gland during the second half of pregnancy Thus
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the charactenstic rmlk protem , casein, was detected by Cutler
and Lews (1933) ustng tmmunological methods, in the bov

ine udder farrly early in pregnancy Moreover, the gland at
this stage can synthesize fatty acids from small molecules as
shown by the 1solation by Popjak and Beechmans (1950) of
labelled fatty acids from the mammae of pregnant rabbits
given heavy water or ¥C acctate The late Dr T H French
and I had the opportunity of demonstrating, 1n collaboration
withDr G Popjak, that these radicactive fatty acids contam

Taste 111

Specific actiusties of the ghycende fatty acds from the mammae and
luers of rabbuts hilled at the 28tk day of pregnancy after treatment
with CH4CO0Na

(from Popjak, Folley and French 1949)

Speafic acuvity of fatty aods
pe X 10-4mg C

Fatty acid fraction

Rabbit no
10 13 15
Volatile water soluble 198 073 1845
Volatile water msoluble 148 072 13 6o
Non volatile 012 007 099
Luver fatty acids 0146 o183 058

ed the charactenistic volatile short chain acids found only 1n
mulk fat and that, as shown n Table II 1, they were more
radtoactive than the non volatile long chain acids (Popyéb,
Folley and French 1949) There 1s thus no doubt that the
mammae of these pregnant rabbits were capable of synthesiz

g mulk fat In accord with this, we have since shown i our
laboratory (Table 1I 3) that mammary gland shces from preg

nant rats wall undoubtedly incorporate some 1#Cinto fatty acids
1f mcubated with unlabelled glucose 4 [carboxy 1C] acetate
even though the activity of the tissuc in this respect may not be
very great (Balmam Folley and Glascoch, 1952} Another
finding which can be cited here 15 the strihing increase 1n the
alkaline phosphatase content of the rat mammary gland dur
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1ng the second half of pregnancy, which 1s llustrated m Figure
11 2 drawn from the results of Folley and Greenbaum (1947)
Thus change however, s less easy to relate to any speafic
synthenc acuvity of the gland
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Fig Il2 Allalme phosphatase content of the mam
mary gland of the rat (fiom Felley and Greenbaum 1947)

However despite this brochemucal evidence of secretory
actvity 1 the mammary gland of the pregmant animal
resprratory measurements on mammary gland slices from
pregnant ammals have given a picture of general metaboli,
quiescence contrastng with the much more active respiration
hown 13 z1tro duning lactation Thus 15 illustrated by the results
of Folley and French (1g9495) summanzed in Table IT 2 Thus
the endog: P of y gland shces from
rats at the end of pregnancy 1s low — (5, having a value of
only 1 5 and 1t 15 not increased by the addinon of glucose to
the medium Moveover the respiratary quotient of the tissue
at this stage 15 below umty values between 062 and 083
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bemg found rrespective of whether or not glucose 15 present
m the medmm

Mammary tssue from lactating rats on the other hand,
exhibits much greater respiratory activity i utre The results
m the Table show that by the first day past partur the tssue
has acquired the power of uhhzmg glucose, m the presence
of which substrate the respiratory quotient has rsen to umty

Tasig {12

Resprratory metabolusm of shees of vat mammary glond during
pregrancy lactation and molution

(from Folley and French, 194g8)

Stage Days Qg RQ
Glucose (03 % Glucese (03 %)
+ - + -

Pregnancy 20 13401 151005 083-koo1 062:+£003

Lactation I 44403 404093 100005 ¢ 735001
8 71306 45405 1624003 076001
15 10304 52404 1604006 078002
22 96103 63402 1,3+o003 0744002

Imolution 2 55%09 50 0764003 064

By the 8th day ~ Q,, m the presence of glucose has risen to
7 t and the respiratory quotient is 1 62 at about which value
1 th hout lactation Resp Yy g greater
than umty in the p of ble sub. were also
found for lactating mammary gland shees from the mouse,
gunea pig rabbit cow goat and sheep {Folley and French
19492, 1950) This 15 1n general agreement with results pre
siously obtained 1nn arterro venous studies on the udder of the
lactating cow by Petersen and Shaw (1942) and on that of the
lactating goat by Graham, Houchin Peterson and Tumer
(1938) and later for the perfused, isolated cow udder by Peeters
and Massart {1952)

"The real changes mn — Q. Which is generally expressed as
mucrohitres of oxygen consumed per mulligramme final dey
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weight per hour, are probably not so great as indicated by the
results just discussed since mammary tissue from rats at the
end of pregnancy contamns much more metabolically nert dry
matter, than mammary tissue from lactating rats The respira
tory quotients are not subject to this error, however since
the dry weight cancels out 1n the calculation In an attempt to
overcome the difficulty of finding a swtable reference standard
for oxygen 10n, we attempted to calculate the total
respiration of the six abdommal mammae of the rat durng
pregnancy and lactation respectively and our values support
the conclusion we drew from Q,, measurements namely that
the onset of secretory activity at parturition 1s indeed associat
ed with a real merease in the rate of respiration of the tissue
(Folley and French 194gb) Further support comes from
the fact that we also found that the ratio of respiration to
glycolysis (— QA,l/Q"},' } 15 greater for mammary shces from
lactating than from pregnant rats (Folley and French, 19495}
Also 1n harmony wath this conclusion are the marked increases
1n the concentranon of oxidative enzyme systems, succinoxt
dase and cytochrome oxidase about the ime of parturition
which have been observed by Moore and Nelson (rg52) in
studies of homogenates of rabbit mammary gland

Another quite stnking way 10 which these changes i the
respiratory metabolism of rat mammary tissue at the time of
mtiation of lactation can be illustrated 1s by manometric
measurements of the time course of the total gas exchange
which we call the composite respiration curve of mammary
gland slices incubated i Krebs saline bicarbonate mn equu
hbrium with g5 % oxygen and 5 % carbon droxide and con
taimng switable substrates Figure IT 3 shows some composite
respiration curves for rat mammary gland shices obtained 1n
our laboratory (Balmain and Folley 1952) It will be seen
that the metabolism of mammary slices from 20 day pregnant
rats 1s such as to give a slow fall in pressure under these con
ditions probably in the main because the respiratory quotient
18 less than unity and the shices therefore use oxygen at a greater
rate than they evolve carbon dioxide Mammary shices from
lactating rats, for which the respiratory quotient 15 greater
than umty on the other hand give a steady increase n total
pressure mainly because the slices give off carbon dioxide
faster than they use up oxygen
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Some years age we mterpreted the high respiratory quonent
of lactating mammary tissue 12 vilro, 1n the presence of smtable
substrates as evidence that this tissue possesses the power of
effecting net fatty acid synthesis from small molecules (Folley
and French, 1848¢ &, rg50)  conclusion which we later con
firmed by 1s0topic assays on fatty acids ssolated from mammary
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Fig 113 Total gasexchange of mammary gland
shices from rats kiffed on the 141h day of lactation
{La) and 20tk day of pregnancy (Pr) respectively
The ordinate shows net gasevolution as al gas/mg
final dry weaght uptake bewng calculated as O,
and outputas COy (from Balman and Falley 1952}

shees incubated with switably labelled substrates Expernments
mvolving the myection of labelled substrates into the lactating
goat, caw and rabbit which are discussed:n Chapter V. have
led to a sunilar concluston We may therefore conchade that
the changes 1n the respiratory metabolism of mammary tssue
which begin at or shortly after partuntion must be indicame
among other things of a rapid acceleravon of a hpogeme
process already capable of procecding ata relatively slow rate



LACTOGENESIS 31

In support of thus conclusion we have shown that, even allow-
mg for the probable dilution effect of the greater fat content
of mammary tssue at the end of pregnancy, mammary gland
shees from rats killed at days 1—4 post partum mcorporate much
more G mnto the fatty acids, when incubated with glucose +
[carboxy 1¥C) acetate than slices taken at the end of pregnancy

Table I 3 shows results which illustrate this (Balmam, Folley
and Glascoch 1952) The Table shows that the speafic activi

ties of muned fatty acids 1solated from mammary gland slices

TasLe Il 3

Specific actwntres of mixed fatty aaids of shees of mammary gland
from rats killed at the end of pregnancy or in early lactation The
substrates were [carboxy WC) acetale - glucose

(from Balmain, Folley and Glascock 1952)

UG 1n fatty acids

Expent Period of Counts/minfmg €
" Stage mcubation Tissue
faent oo 237 Incubated Lilled at
hr tissue  zero time

1 pregnancy 2oth day 56 403 25

2 s 5-6 652 7

3 5-6 407 7

4 lactation 2nd day 7 5422 14

5 lactation 4th day 3 16 146 54

taken from rats lilled shortly after parturition are many times
higher than those found for tissue from rats hilled at the end
of pregnancy It s certamn also that the rates of synthesis by
the mammary tissue of charactenstic milk constituents other
than fat undergo simular sharp increases at parturition Thus
Greenbaum and Greenwood (1954) have recently shown that
the levels of glutamic dehydrogenase and of glutamuc aspartic
transaminase i the mammary gland of the rat dramatically
1ncrease mmumediately before partuntion and remam at this

d level through lactatton dechning agamn only
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after weaning These enzymes are believed to be concerned
with protesn synthesis m the cell and if this 1s so, then these
changes are probably associated with the mception of 3 hugh
rate of synthesis of mulk proteins consequent upon the mta
ton of lactation

Now, the biochemical changes observed in mammary tssue
at the onset of lactation which I have just discussed, are un
doubtedly evohed by the prturtary lactogenic hormone com
ples which must come into full operauon at partuntionand
they promise to afford a useful means of gamng further in
sight mnto the hormonal mechamsm of Iactogenesss ta silre
For mstance the direct lactogeme action of prolactin upon the
mammary epithehum  so stribingly demonstrated sn the rabbut
by Lyons (1942) m the experunents described cacher in thus
chapter shonld be reproducible i 1170 of the other hormonal
wfluences operating i the normal environment of the mam
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Fg 14 Effccts of cortsone (too
pgiml ) and of prolacun {sfriu jml)
on the respiranon of mammasy gland
shees front a ratat the end of pregaaney
{from Balmawn and Folly 1953}
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mary gland a2 210 can also be reproduced In a prehmmnary
attack upon this problem utihzing changes m the slope of the
composite respiration curve as an indication of lactogenic
effects, Miss Balmain and I were, however, unable to demon

strate any effects of prolactin, added iz 21tro on the respiratory
metabohsm of mammary slices from 20 day pregnant rats
(Balmain and Folley 1952) A typical expenment s illus

trated m Figure II 4 which shows that addition of prolactin
to the medium had no effect on the slope of the composite
respiration curve Rat mammary tissue, at this stage has
thus proved to be insensitve to the action of prolactin
witro by any cnterion so far applied This of course may be
because the correct conditions necessary to demonstrate 1ts
action have not yet been discovered On the other hand
Figure II 4 also shows that cortisone, which on the basts of
the wn 2o work already mentioned mught be expected to
come 1mto play as 2 result of the mtervention of ACTH mn
lactogenesis when added to the mmcubation medum exerted
defimte effects on the composite respiration cunve converting
the faling pressure curve usually exhibited by mammary
tissue from pregnant rats into the steadily r1sing one typical of
secreting tissue  This 1s the outcome one would expect if
secretory changes had been imuiated in the tissue by the hor

mone though 1t must be noted that the same result might be
obtaimed if respiration were mnhibited and glycolysis imncreased

The two hormones together had no greater effect than corti

sone alone so that these experiments provided no mdication
of the synergism between prolactin and the prtwitary adrenal
axts which had been mferred from the previous experiments of
others on lactogenests iz vivo Nevertheless 1 so far as these
findings appear to suggest a role for the adrenal cortex n the
snduction 1n rat mammary tissue of certain biochemical
changes sinular to those seen 1n tissue m a secretory state they
are 1n accord with the aforementioned findings of Reece
(1939} and others 1n the mtact pseudo pregnant rat However

experiments 1n our laboratory on mammary shces from preg

nant rats which were mcubated with labelled substrates have
gvenresults difficult to reconcile with the respiratory measure

ments Just considered 1 that they suggest that cortisone 1n the
concentrations used mhibits rather than promotes ltpogenesis
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from small molecules 11 mammary tissue from 20 day preg
nant rats Hence, although this biochermcal approach to the
problem of lactogenesss 15 pronusmg, the results so far ob
tamed present certamn dufficulties in interpretation which it
35 hoped will disappear on further mvestigation

THE HORMONAL CONTROL OF LACTATION INDUQTION AT
PARTURITION

We now turn to the consideration of some of the theones
which have been put fornard to explam the mtiatton of
lactation at parturstion and in particular its trung  Although
1t 15 generally agreed that mammary growth proper beng
largely complete the secretory phase begins m the mammary
gland duning the second half of pregnancy, nevertheless lacta
tion m the ordtnanly understood sense of a coprous flow of
normal aulh 15 pot 1ubiated unul pacturtion or shortly there
after The nature of the mechamsm which ensures the correct
uming of lactogenesss s this sense has intigued mvestigators
for many years and s not fully understood even yet Of the
various theories which have heen praposed space allows ment
1on of only twe and these can only be conndered brefly

The theory proposed by Nelson (1936) for the gmnea pig
postulated oestrogen as the agent respanstble for holding
lactation 1 check durnng the latter balf of pregnancy The
Ingh body levels of cestrogen known to obtan during preg
nancy, were believed 1o mhubtt the secretion of prolacun by
the hypophysis and also to exercise a direct mbubatory
fluence on secretory changes in the mammary gland stself If
this theory be extended, as proposed by Folley and Malpress
(1947) to embrace the concept of two thresholds for opposing
ifluences of oestrogen upon pituitary lactogemse funchion, 3
lower one for stymulation and a higher one for inlubinon 1
wall be found even yet to harmomze many experimental ob
seryanons made on other forms besides ihe guinea pig on which
most of Ivelson s observanions were based However in the
light of recent results to be considered n more detail later st
may be necessary to modify the theory stifl further to include
an snlubitory role for p: 1 the capacity of a synerg

st with oestrogen
more elab: theosy was proposed by Meates
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and Turner (1942) on the basis of extensive mvestigations in
Turner’s laboratory of the prolacun content, as measured by
a vanant of the pigeon crop gland test, of the pitwitary in
various physiological and experimental states Briefly this
theory rejects any inhibitory role for oestrogen in lactation, ats
authors rather see oestrogen as an mdirect evocator of lacto
genesis by wirtue of its claimed abihity even when arculating
1 high titres, to ehat the secretion of prolactin by the hypo
physts while progesterone 1s regarded as the mhubiting agent
operative dunng pregnancy with the power of nullifying or
overriding the lactogenic action of oestrogen Lactogenesis is
thus beheved to result from a fall in the body level of pro
gesterone relative to that of oestrogen which s thought to
occur at parturition or shortly before Much evidence some
aspects of which were later subjected to cnticism (Folley 1952)
was adduced m favour of thus hypothesis mn four papers
published 1n 1942 and the theory has been restated with the
support of additional experimental data and discussion 1 a
more recent publication (Metes and Turner 1948) The
scope of this book does not permut of discussion of this ev1
dence all that can be done 1s to state briefly the main finding
of Metes and Turner This was that treatment with oestrogen
even 1n unphysiologically hugh doses caused always an in
crease never a decrease 1n the prolactin content of the
pituttary 1n vanous laboratory mammals If, however, suffi
aient progesterone was injected along wath oestrogen no in
crease i the pitwitary prolactin content resulted Incidentally
the above mentioned more recent publication of Meites and
Turner (1948) 10 reft toasig paper by
Athinson and Leathem (1946) providing evidence which
partially answers criicisms made a few years ago (Folley 1952)
of one of the vulnerable points of the Mettes Turner theory
namely, the lack of evidence for a fall 1 the body level of
progesterone relative to that of oestrogen at parturition
Using histological critenna Atlanson and Leathem could find
Little or no evidence of progesterone effects 1n the mouse on the
day of parturition though signs of the presence of oestrogen
were clear

However despite this, the author sees no reason to modify
his previous opinion (Folley 1952) that whle this mgenious
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from small molecules m mammary tissue from 2o day preg
nant sats Hence, although this bachemical approach to the
problem of Inctogenesis 15 promusing, the results so far ob
tamed present certan difficultzies m mterpreiation which it
15 hoped will disappear on further mvestigation

THE HORMONAL GONTROL OF LACTATION INDUCTION AT
PARTURITIO §

We now turn to the consideration of some of the theones
which have been put forward to explan the muation of
lactation at parturition and i particular its iming Although
st 15 generally agreed that, mammary growth proper bemg
largely complete, the secretory phase begins an the mammary
gland during the second half of pregnancy, nevertheless lacta
tion mn the ardmanly understood sense of a copsous flow of
normal mulh 15 not smuated until parturition or shortly there
after The nature of the mechanssm which ensures the correct
tumng of lactogenesis 1 thus sense has mtngued nvestigators
for many year, and s not fully understood even yer Of the
various theottes which have been propo ed space allows ment
ion of only two and these can only be considered briefly

The theory proposed by Nelson (1g36) for the gumea pig
postulated oestrogen as the agent responsuble for holding
Iactation 1 chect during the latter half of pregnancy The
gh body levels of oestrogen known to obtam dunng preg
nancy were behieved to snhibat the secrenion of prolactin by
the hypophysts and also to exercise a direct inhibstory
fluence on secretory changes m the mammary gland st.elf If
thas theory be extended as proposed by Folley and Malpress
{1947), to embrace the concept of two thresholds for opposing
mfluences of cestrogen wpon priwtary lactogenic function 3
lower one for sumulation and a higher one for inhibstion, 1t
will be found evess yet to harmonize many expenmental ob
ser ations made on other forms besides the gumea pig on which
most of Nelson s observations were based However, m the
bight of tecent resuhs to be considered i more detad later 1t
may be recessary to madify the theory sull further to snclude
an hihitory role for p 1n the capicity of a synerg-
15t with oestrogen

A somes hat more elaborate theory was proposed by Metes
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or termuation of lactation 1 women the decisive mhitory
factor has been held to be the removal of the suchling stimulus,
the undoubted beneficial effects of the oestrogen which 1s often
adnmumstered being ascribed to 1ts ability to alleviate painful
breast ‘engorgement’

Some of those who hold that oestrogens have no mhibitory
effect on lactation, at least under physiological conditions,
have contended 1n support of their case that oestrogens are
completely without effect on lactation 1n the absence of the

Taste II 4
Effect of progesterone on lactation n intact rats
(from Folley 1942)

No / of young Mean wt of
Treatment f rats weaned young at
hs {21 days) weaning g
Sesame ol (control) 4 97 429
Progesterone 10 mg daily 4 94 384
Sesame o1l (control) 4 91 407
Progesterone 15 mg daily 3 92 407

All Litters reduced to 8 at birth

ovary However careful consideration of the numerous papers
which have been published on this subject shows that the true
Pposition 15 that while oestrogens will in some cases nhibit lac
tation 1 the absence of the ovary provided high enough doses
are given, nevertheless intact ammals are undoubtedly much
more sensitive to the lactation mhubiting effects of oestrogen
than ovanectomized ones (¢ g Folley and Kon 1937) This
suggests erther that under physiological conditions proges
terone 1tself might be the true lactation mhibitor or alter
natwvely that it might act synergistically with oestrogen How
€Ver many years ago the author found that progesterone by
itself was quite meffective as an mhubitor of lactation n spayed
rats (Folley, 1942), as shown i Table I 4 from which it 1s
evident that the young of rats recerving as much as 15 mg
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theory can be regarded as perhaps the most successful attempt
so far made to explamn the mechamsm of the wmtianon of
Iactation at parturition, the sum total of the available evidence
in 1ts favour 15 not even yet sufficiently unequivocal and con
vineing to justify the problem being regarded as finally sohved
The necessity for caution 15 underlned by results fauly re
cently reported by Meites and Sgouns (1953) which, tahen at
thewr face value are difficult to reconcile wath the Mertes
Turper theory Mammary development was evoked m gonad
cctorized rabbits by administration of oestrone and progester
one m a favourable ratio Continuance of this regime pre
vented the mitiation of lactation by prolactin 1n doses which
were effective 1 the presence of ether steroid alone Accord
g to the Meites Turner theory prolactin should have been
Just as effective 1n evolung lactation 1n the presence of oestrone
and progesterone as in the presence of exther hormone alone
More recently still, in stmular expertments, Mertes and Sgouris
{1954) have found that whether or not lactation occurs de
pends on the relative levels of prolactin on the one hand and
the oestrogen progestetone combination on the other These
findings appear to underline the necessity for some simphfi
cation of the ongnal theory and Mestes (1954) has recently
outlined his latest views on the subject

Thus brings us back to the queston of the nature of the
hormonal influence which holds lactation m chech dunng
pregnancy Oestrogens have long been regarded as possessing
the power of mhibiting lactation a concept upon which
Nelson founded his theory of the mechamism of lactation
mtaton and which also motivated the widespread chnical
use of oestrogens for preventing or inhibiting lactation in the
puerperium However some worhers have cxpressed doubts
whether the ability to mhibit lactation 15 a direct and speafic
property of oestrogen, at least under physiological conditions
Those holding this view have vanously ascribed the apparent
lactation mtubing cffects of oestrogens 1n small ammals to
anorexia or other secondary toxic effects on the mother, to
interference with the milk gjection reflex (see chapter IV),
or to untoward effects via the milk on the young whose growth
rate 15 the only available measure of lactational performance
1 such laboratory ammals as rats As regards the prevention
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expenments on the artfical snduction of lactation w farm
anmnals on the topic under discussion In Chapter I reference
was made to lactogensc effects cheited by ocstrogens under
surtable canditions These bave been demonstrated most spec
tacufarly in farm amumals in which Jactation has been inrtrated
m udders grown by treatment with oestrogen pan passu with
the contmuance for a time of the oestrogen treatment Figure
11 5 shows some lactation cunes for cows and hefers brought
mto matk by the subct pl ion of
pellets of suiboestrol (Folley and Malpress 1944) It wall be
seen that the best of these anumals gave a total mulh yreldm a
year of well aver joo gallons

Expeniments carned out more recently m our laboratory
on the spayed virgen goat (Cowie ¢f al 1952) ndscate that 1t
13 possible to select a daly dose of cestrogen for example
t mg hexoestrol daly, which will cause mammary growth
but at the same time tends to mhibit secretion m the sense
that the unmithed udder does not become swollen with
secretton n the latter stages of oestrogen treatment as often
happens when a guable lower dose s used The strang
lactogenic effect of such a low dose of oestrogen 1s Hiustrated
i the two lower pictures of Plate 116 whach shows phote
graphs of the udders of two ovanectomized virgin goats m
which udder growth was mduced by the daily njection of
© 25 mg hexoestrol for 20 weehs These two udders are swollen
with accumulated secrenon The 1 mg daily dose of hex
vestrol referred ta above may beconstdered to hate exceeded
the upper of the two thresholds which Dr Malpress and I
postelated 1 our  double threshold theory while the o 25
mg daily dose clearly came m the lactogeric  zone between
the two thresholds Moreover as the two much smaller udders
m the upper pictures show the lactogeme effect of thus latter
dose of zen was abolished Jetely b )
admunstration of roo mg progesteronie daily These conclu
sions about the mination of lactation m our goats which i
cidentally are 1n accord with findngs 1n the rat reported by
Selye (1940) depended on the gross appearance of the un
mulhed udder mulking of which was not begun until the treat
ment ended except in the case of the two goats recetving the

lactogense  dose of oestrogen whose udders became so tense
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progesteronc daily grow as fast as the young of control rats
We are therefore left with the alternative possibility, predicted
long ago by some of the carlier workers, that progesterone and
oestrogen tn combination act synergstically, the combimation
furmshing a far more potent inhibator of lactation than oestro
gen alone Fauvet (1g941) seems to have been the first to pro
vide experimental cvidence for this concept when he showed
that doses of oestrogen and progesterone, meffective by them
selves 1n combimation effectively inhibited lactation 1n spayed
female rats The ability of relatively small doses of oestrogen
n combination with progesterone to mhubit lactation m the
absence of the ovary, at least in the rat, has since been re
peatedly confirmed Confirmation of this concept has also
been obtaned 1 the rabbit by Mertes and Sgourss (1953,
1954) 1n the goat (Cowe, Folley, Malpress and Richardson,
1952) and 1 man by Romam and Recht (1948)

It will be of interest to consider now the beanng of some

Cw not 50 50mg
Hotf r o {

Weeks after implantation

Fig 115 Lactation curves for bovines implanted with tablets
of diethylsulboestrol The ordinate shows mean daily mulk
yaeld (from Follgy and Malpress 1944)



LACTOGENESIS 39

expenments on the artifiaal induction of lactation i farm
antmals on the topic under discussion In Chapter I reference
was made to lactogemic effects elicited by oestrogens under
suttable conditions These have been demonstrated most spec
tacularly i farm amumals in which lactation has been imniated
n udders grown by treatment with ocstrogen part passu with
the continuance for a time of the oestrogen treatment Figure
1I 5 shows some lactation curves for cows and heifers brought
wnto mulk secreuon by the subcutaneous implantation of
pellets of sulboestrol (Folley and Malpress 1944) It will be
seen that the best of these ammals gave a total mulk yield 1 a
year of well over 700 gallons

Expenments carned out more recently mn our laboratory
on the spayed virgin goat (Cowe ef al 1952) mdicate that 1t
1s possible to select a daily dose of oestrogen for eaample
1 mg hexoestrol daily which will cause mammary growth
but at the same tume tends to mhibit secretion 1n the sense
that the unnulked udder does not become swollen with
secretion 1 the latter stages of oestrogen treatment as often
happens when a swtable, lower dose 15 used The strong
lactogenuc effect of such a low dose of oestrogen 1 illustrated
m the two lower pictures of Plate 11 6 which shows photo
graphs of the udders of two ovanectoruzed virgin goats 1n
which udder growth was induced by the daily myection of
0 25 mg hexoestrol for 20 weeks These two udders are swollen
with accumulated secretion The 1 mg daly dose of hex
oestrol referred to above may be considered to have exceeded
the upper of the two thresholds which Dr Malpress and I
Postulated m our double threshold * theory while the 0 25
mg daily dose clearly came mn the lactogenic zone between
the two thresholds Moreover as the two much smaller udders
m the upper pictures show the lactogentc effect of thus latter
dose of oestrogen was abolished completely by simultaneous
admumistration of 100 mg progesterone daily These conclu
stons about the mitiation of lactation i our goats which i
cdentally are 1n accord wath findings 1n the rat reported by
Selye (1940) depended on the gross appearance of the un
muiked udder mulking of which was not begun until the treat
ment ended except 1n the case of the two goats receiving the

lactogenic  dose of oestrogen whose udders became so tense
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as to necessitate mulhing before the end of the treatment period
Results which i general confirm these conclusions have stce
been obtained in further expeniments mn goats i our labora
tory {Benson, Cowie, Cox, Flux and Folley, 1955)
Remehe, Metes Cairy and Huffman (1952) have recently
reported experiments on the artificial induction of lactatton
m cows in some of which truly spectacular nulk yields were
obtamned Treatment with oestrogen and progesterone by
pellet implantation was used to mnduce udder growth and then
the ammals were given a final short term treatment with
oestrogen to 1mitrate lactation in accordance with the Meites
Turner theory of lactation imtiation Table IT 5, taken from
the American worhers’ paper, shows the total yields of milk

Taste Il 5

Induction of lactation n cattle by treatment with stilboestrol and
progesterone

(results taken from Reineke, Meites, Cairy and Huffman, 19 52)

Maximum  Total yreld in 1o months
dally mlk ——e——————

Description of animal yield ilk fat

b b b
Guernsey herfer Jt 254 6681 323
Guemnsey heifer J2 247 6622 331
Guernsey heifer J3 259 6532 369
Holstetn cow (Mabel) 8oo 11330 420
Holstein cow (Jula) 450 7760 300

and fat obtained 1n ten months from s of their treated am
mals Their best ammal, a stenile Friestan cow gave a peah
daily yield of 8o Ib and a total yzeld in ten months of over
1100 gallons The other five ammals also gave good yields
In view of these eacellent results, a study has been undertahen
1n our laboratory of the effect of a final tnggering treatment
with cestrogen on the lactational performance of spayed goats
1n which udder growth was induced with ocstrogen and prog
esterone (Benson ef al 1955) Our results which are shown 1n



Photographs of the udders of four goats deseloped by inyections of
hexoestrol and progesterone The labels on each figure indicate the num
ber of the goat and the daily dose of hexoestrol (HX) and progesterone
{PG)mmg  note the very large udders of goats 383 and 391  {from Cone
Folley Malpress and Richardson 1952)
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Table IT 6 mdicate that though the extra oestrogen caused a
shghtly quicker instal rise an yield, the total yicld over 2 long
persod was hardly affected The ycld over 210 days can only
be gien for one udder half since the other haif was removed
for histologreal study as soon as the yield had reached its peak

Tanie 116

Industion of lactation sn d goals with I and
progesterone  effect of final  inggenng* reatment wnth hexoestrol

(results from Benson, Cowte, Cox Flux and Folley, 1955)

Mlk yield

Whole udder oter imtial Half udder over
Fa no 28 days zwl days
t

A B A B
! 255 -~ 134 et
2 313 409 208 194
3 231 213 134 136
4 159 273 114 156
5 254 306 134 128

6 21 8 184 122 129

7 176 229 g2 33
Mean 229 269 134 142

A 05 mg hexoestrol +70 mg progesterone datly for 150 days
B Asabove then 625 mg henoestro} daily for 15 days

These expenments provide no evidence that a short term
frggenng  treatment with g Howmng prolonged
Ueatment with a comk of gen and p
improves the subsequent Jactattonal performance nor do our
most recent expenments on virgm hetfers the results of which
e gwven m Table 117 (Folley and Flux unpublshed)
These ammals were given treatments very simalar o that used
by Mestes and s colleagues but as can be seen thesr mmlk
31elds were not spectacular The comparative success of the
snfrequent snjections of crystal suspensions 1s notewerthy
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Tazre II 7
Induction of lactation 1n hesfers wath cestrogen and progesterons
(unpubhshed expermentsof D § Flux and § J Folley 193)

305 day Peak

Name of hetfer Treatment yield  darly jaeld

ib b
Winsome 31 5798 24
Patty Ouly mjections 3987 a1}
Poise 3349 184
Dmky 7578 39
Joyce Tablet mmplants 3773 16
Campion 27 122} 3
Nell 7 7787 354
Marakatona Crystal mjections 3727 19%
Primrose 4128 21}

Ingection of atly solutions
0 5 mg hexoestrol + 70 mg progesterone in arachs ol
daily for 120 days then romg hexoestrol 1 ol daily for
16 days

Tablet implants
30 X 100 mg tablets progesterone + 1 X 100 mg tablet
diethylstilboestrol for 120 days, + 15 X 100 mg tablets
stilboestrol for the last 30 days

Injection of cpystal suspensions
500 mg progesterone crystals at 3o day ntervals over 120
days 100 mg oestradiol monobenzoate crystals on 1st day
and 100 mg oestradiol monobenzoate 1 solution 1n oil on
goth day

In considenng the impact of these recent findings with
farm ammals upon theones of the mechamsm of lactation
imtiation 1t should be pomnted out that some features of our
own results with goats are 1 accord with the Meites Turner
theory, while others are exphcable on the basis of our  double-
threshold * theory as are many previous results obtained on
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cows as well as goats However, the recogmtion of the syn

ergistic action of oestrogen and progesterone m wmhibiting
lactation as also the aforementioned experiments of Meites
and Sgouns (1953, 1954) on the rabbit necessitate some re

wision of concepts 1 therefore venture to advance the following
tentative theory, which combines vanious features of previous
hypoth d bleof han mostof the known
facts regarding the mtiation of lactation The new theory
embodies the following postulates (1)} Measurements of the
prolactin content of the hypophysis do not necessanly give
any mdication of the rate of prolactin release and are better
disregarded as largely irrelevant to the 1ssue (2) Low circul

ating levels of oestrogen activate the lactogenic function of
the anterior pituitary while higher levels tend to bt
Iactation even 1a the absence of the ovary though 1t 1s uncer

tain whether this nlnbition comes 1nto play at the level of the
pitustary or of its target organ the mammary gland or both

(3) Lactogenic doses of oestrogen may be deprived of their
lactogenic action by switable doses of progesterone the com

bination then acting as a potent mhibitor of lactatton This 1s
the mhibiting influence which operates normally in preg

nancy (4) The relative fall m the ratio of progesterone to
oestrogen at parturition as demonstrated for the mouse hy
Atlunson and Leathem (19¢46) removes the inhibition which
15 replaced by the positive  lactog effect of

acting unopposed
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CHAPTER III

THE MAINTENANCE OF MILK SECRETION —
GALACTOPOIESIS

Tt1s well known that the integnty of the pituitary 15 essential
for the maintenance of milk secretion just as 1t 1s for its 1mtia
tion Thus follows on the one hand from the 1mmediate abols
tion of mulk secretion whichinvariably follows hypophysectomy
and on the other from the fact that, as we shall see later
anteror pituitary eatracts contain hormones capable of m

(19% of p ps.
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Fig 1111 Effectof hypophysectomy

on lactation n the rat (from un

published experiments of A T Coune)
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creasing the rate of mulk secretion The dramatc effect of
hypophysectomy upon nulk secretion 15 illustrated i Figure
IIT 1 which shows the results of an unpublished experiment on
lactating rats carried out by Dr A T Cowe in our laboratory
The Figure shows curves representing the mean growth rates
of the htters of two groups of rats the members of one of which
were hypophysectomized on the fourth day of lactation and
thereafter given regular mjections of oaytocin to cause milh
ejection so that the litters could obtain milk 1f 1t was secreted
It will be seen that growth of the suchlings ceased immediately
after the mothers were operated upon and they soon began to
dre from lack of milk

It1s however not yet certain whether the constellanon of
prtuitary hormones responsible for the maintenance of estab
lished xlk secretion 1s 1dentical wrth that concerned with 1ts
mtiation If 1t 15 the same then active mlh secretion could
be regarded as a functional state of the morphologically com
plete mammary gland which appears whenever the necessary
pattern of pituitary hormones 1s present and unopposed by
ihibiting mfluences a state which presumably would hold
Just so long as the pituitary continued to secrete the varous
components of the hormone complex 1n harmontously balanced
proportions If on the other hand the two prtuitary constel
lations are not 1dentical then we must consider the possibility
that prolactin exerts a trigger ke action on the mammary
gland which 1s only cffective n the presence of other hypo
physial influences perhaps regulating the supply of metabo
hites whose continued intervention 1s necessary for the main
tenance of secretion On this view 1t 1s concetvable that once
lactation has been imtiated prolactin 1s no longer essential
for 1ts contmuance

In the hght of present hnowledge the first alternauve seems
preferable since 1t 15 1n harmony with the theory proposed by
Selye (1934) according to which the release of prolacun by
the hypophysis 15 under neural control, the hormone bemng
believed to be reflexly sccreted by the anterior hypophysis i
response to the suchling sumulus regular apphcation of which
15 regarded as essenual for the mamtenance of mulk secrction
The facts upon which Selye based this theory were bnefly as
follows Suchling of some of the y glands of a !
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rat was prevented exther by surgical excision of the mpples or
by covermg them with colledion Provided other intact
nipples belonging to the same ammal were regularly suckled
the unsuchled glands did not undergo the mvolution which
mnormal aircumstances quickly follows weamng and at autop
sy they were found to contain mifh Moreover, 1f the escape of
milk from the rat mammary gland was prevented by higation
of the man galactophores nvolution was retarded and a
secretory condition mamntained provided active suchling was
continued Selye s theory, the evidence for which cannot be
considered 1n greater detail here*, thus lays emphasis on the
loss of the suckhling stimulus as the main cause of the regressine
changes 1n mammary function and structure which follow
weanmng The fact that Wilhiams (1945) later found 1t possible
to murc by prolactin ad ration the

ing effects of the suckhng sumulus on glands which could not
be emptied of mulk or even suchled because of surgical inter
vention as just described not only supports Selye s theory but
also suggests that continued prolacun release 1s an important
factor 1n the mamtenance as well as in the mitiation of mulk
secretion It 1s of course Likely that the secretion of other pit
wtary hormones believed to be imvolved 1n both processes
may also be susceptible of control by the suchhing stimulus
Thus evidence that under some circumstances suckling may
cause the release of one of them ACTH has been presented
by Gregoire (1947)

a result of stmultaneous and independent suggestions of
Bergman and Turner (1940) and of Folley and Young (1g40)
the term galactopoiests has come into use to denote the ex
penmental stimulation of estabhshed lactation The study of
galactopoiesis 15 important since the hormonal mechamsms
nvolved are probably closely related to those concerned
mamntaiming normal mlk secretion and experimental analysis
of the former will undoubtedly contribute to our understand
g of fundamental aspects of the hormonal control of normal
mammary function

PROLACTIN AND SOMATOTROPHIN
Unfractionated etracts of ox anterior lobe possess con
* For full duscussion see Folley (1947)
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siderable galactopotetic power wn I g
single mjections will evohe marked tempora
mulk yield as shown in Figure I1I 2 (Folley anc

80

Mk yield (Kg)

e Injechons
6 |- [ 3 group of Four treated cowe.
ol A group of four ¢ nbrol cons
af
i . L .
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Days
Fig III2  Effect on the mulk yield of cows of an injection of a salne
extract of ox anterior piturtary (from Folley and 2oung 1958)

Ths Figure shaws the mulk yield increase exhuibited by a group
of four cows each of which recened a smgle subcutaneous
mjection of 10 ml ox antenor prturtary extract At one tume
1t was believed that the power of antenor pituitary estracts to
wmncrease the mlk yield of lactaung cows was mamly if not
wholly due to the prolactn present i themt However the
results reported long ago by the Russian workers Azimoyv and
Erouze (1937), umphed that the galactoporenc effects of such
eatracts could not be quantitatively accounted for by the
pralactin present and soon afterwards Young and the author
studying a senies of antenior pitutary extracts found very httle
relationship betwcen their galactoporenic potencies in lactating
cows and therr prolactin contents as assayed by the pigeon
crop test (Folley and Young 1938 1939 1940) In actual
fact the galactopotetic potency of punfied prolactin 1ppears
to be very small, at any rate as determned 1n single
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tests 1 cows In the experiments of Cotes, Crichton Folley
and Young (1949), cows mn dechning lactation, known to be
responsive to unfractionated ox pituitary extracts gave no
sigmficant mcreases m mulk yreld 1 response to single myec
tions of about 1000 1u punfied prolacun (sec Figure III 3)
Though 1t may be objected that the dose used 1n these ex
periments was not a particularly hugh dose per kg, neverthe
less we have found that amounts of unfractionated anterior
prtuttary eatract contaiming far less prolactin regularly evoke
erable galactopotetic resp mn similar cows Other

Percentage increase tn milk yield

A

40 mg 40 9P )1
[ +30 mg

15 mg 30 mg
5 bt ph Smit ph

Fig 1113 Effect on mlk yreld in the cow of injections of hormones
of the antenor putuitary (this figure s constructed from the expermental
vesults of Cotes Crichton Folley and Young 1949}
work leading to the same conclusion 1s reviewed by Folley
(1955) AS a result of our earlier mvestigations Young and I
concluded that the gal activity of unfractionated ox
pituitary extracts must be due to the action of more than one
ormone and so we arnved at the concept of a prtuitary
poletic hormone lex (Folley and Young 1941)
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As progressively more hughly punfied preparatons of an
terior pituitary hormones have become available over the
years, Young and I with our collaboratars, have attempted to
determune the nature of the hormones, present in unfractionat
ed on antenor pituitary extracts, which are responsible for
thewr galactopoietic activity In the earher work with compa
ratively crude extracts galactopoietic actvity was often found
0 be assocrated with diabetogenic activity When, therefore
Cotes Reid and Young (194g) succeeded in showing that
purified pitwstary growth hormone, somatotrophin, possessed
diabetogenic actity, it was clearly important to find out if
pure growth hormone was galactoposetic 1n lactating cows
Figure 111 3 shows some results of expertments m which single
mjecuons of punified omatotrophin were admumstered 10
tactaung cows These experiments were carned out by Cotes,
Crichton Folley and Young 1949} on groups of cows at 1wo
experimental farms The responses are expressed 1 terms of
the percentage mcrea ¢ in mulk yield observed dunng the tho
days following the injection carrected for the change m yield
of control cows receiving mjections of salme The histogram
shows that, in accord with expectation, smgle mjections of
30 or 6o mg punified somatotrophin caused marked temporary
wereases m nuik yield The magnmitude of the response to these
single mjections of somatotroplun was such as to suggest that
all or practically all of the galactopoietic actvity exhibited by
unfractionated ox anterior pituttary extract in single mjection
tests could be attnbuted to the growth hormone present
Moreover there was no idication of a synergisue effect when
growth hormone was admimstered together with prolactin or
ACTH The probable fundamental sgmficance of the galacto
poretsc acuvity of growth hormone 15 illustrated by the neat
way 1 which 1ts discovery, swce confirmed m a number of
laboratones (see Folley, 1955 for review), fulfils a prediction
of Young (1947), who pomted out that galactopotests growth
and diabetogenesis, invoiving as they all do the preservation
of foodstuffs from oxidation, are phenomena which may be
expected to owe allegiance to closely related hormonal regu
Iating mechamsms

The finding that prolactin possesses refatively Intle galacto
poietic activity in Jactatig, cows, at any rate in short term
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expentments, must not be taken as conflicung with the view
expressed above, namely that its continued secretion 1s prob
ably essential for the maintenance of lactaton Though pro
lactin does not appear to be a hmiting factor 1 the cow 1n the
dechimng phase of lactation 1t mught well be a imiting factor
in certain crrcumstances in other species Despite some positive
Tesults, 1ts value for the treatment of hypogalactia in women 1s
far from certain but 1n this connection 1t should be noted that
1t 35 often not clear whether hypogalactia should be regarded
as essentially a problem of I or of J:

In our laboratory we have recently attempted a bio
chemical approach to the problem of the role of prolactin 1n
the maimtenance of a secretory state in the mammary gland
In the rat, the early stage of lactation days 1-5 15 a pertod of
biochemical Jabihty 1 which, as shown 1n Chapter II the
Tespiratory quotient of mammary tissue iz 2o 1S ncreasing
above unity and the slope of the composite respiration curve
m bicarbonate buffer 1s changing from negative to positive
We reasoned therefore that mammary tissue at this stage
should be a fayourable medium for demonstrating galacto
poretic effects of prolactin iz trtro Miss Balmain and I accord
mgly mnvestigated 1n prelimimary experiments the effect of
prolactin added to the medium on the composite respirition
curve of rat mammary gland shces mn early lactation (Balmam
and Folley, 1952) In our expermments equilibration with
prolactin sigmficantly mncreased the slope of the composite
Tespiration curve resulting from the metabolism of mammary
gland slices taken from rats autopsied dunng days 1-5 post
partum  Figure 1114 dlustrates the results of one of these
expenments It shows curves representing the overall pressure
changes resulting from the metabolism of mammary gland
shices taken from a rat hilled on the fourth day of lactation
incubated 1n hrebs salme hicarbonate, the substrate being a
muxture of acetate and glucose It will be seen that the total
bressure progressively increases and that addition of prolactin
significantly increases the rate of pressure rise One 15 probably
Justified i regarding the effects observed in these experiments
as essentially galactoporetic rather than lactogemc in nature
but some recent experiments 1n our laboratory by Dr T R
Bradley raise doubts whether they are due to the action of
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As progressively more highly punfied preparations of an
terjor piturtary hormones have become available over the
years, Young and I with our collaborators, have attempted to
determune the nature of the hormones, present in unfractionat
ed ox antenor pitustary extracts which are responsible for
therr galactoporetic activity In the earhier work with compa
ratnvely crude extracts galactopotetic activity was often found
to be assoctated with diabetogenic activity When, thesefore
Cotes, Reid and Young (1949) succeeded mn showing that
punfied prtuitary growth hormone somatotrophin possessed
diabetogentc activaty, it was clearly important to find out if
pure growth hormone was galactopoietic 1n lactating cows
Figure IIT 3 shows some results of experiments in which single
mjections of punfied somatotrophin were admmstered to
lactating cows These experiments were carried out by Cotes
Cnchton Folley and Young (1949) on groups of cows at two
expermmental farms The responses are expressed m terms of
the percentage increase i mik yield observed duning the two
days following the imjection corrected for the change i yield
of control cows recemving injections of sahne The histogram
shows that, 1n accord with expectation, single mjections of
30 or 60 mg purified somatotrophin caused marhed temporary
mncreases i mulh yield The magmtude of the response to these
single 1njections of somatotrophm was such as to suggest that
all or practically all of the galactoporetc actity exhibited by
unfractionated ox anterior prturtary eatract in single mjection
tests could be attributed to the growth hormone present
Moreover there was no indication of 2 synergistic effect when
growth hormone was admimistered together with prolactin or
ACTH The probable fundamental significance of the galacto
potetic acuvity of growth hormone s illustrated by the neat
way in which 1ts discovery since confirmed 1n a number of
laboratortes {see Folley, 1955 for review) fulfils a prediction
of Young (1947) who pointed out that galactoposesis, growth
and diabetogenesis, involving as they all do the preservation
of foodstuffs from osidation, are phenomena which may be
expected to owe allegiance to closely related hormonal regu
lating mechanisms

The finding that prolactin possesses relanvely httle galacto-
potetic acuvity in Iactating cows, at any rate in short (erm
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as yudged by the growth curves of the young was most severely
whibited 1n the latter group
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Tig 1116 Companson between the effects of adren
alectomy and of adremalectomy 4 ovancctomy on
lactation 1o the tat (resulis from Flux 1955}

Replacement studies with adrenal corticords 1n adrenal
cctonuzed lactating rats have given somewhat discordant
sesults Though it was at first beheved that the effect of the
drenals on | was medtated mainly through electrolyte
and water metabolism Gaunt Eversole and Rendall (1942)
later concluded that the cntical factor for normat lactation
was a sufficzency of 11-oaygenated steroids then beheved ta
be mamly concerned with pratemm and carbohydrate meta
bolism They arnived at this conclusion because they could
achieve plete i i xats adrenal
mized just after partursion with 11-oxygenated sterosds but
not with deaxycorticosterone In contrast Dr Cowe and the
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suggested that single mjections of AGTH-proten temporanly
decreased rather than increased the mulk yield of lactat
mg cows The avalabiity of very active low molecular
preparations of ACTH has since enabled us to show quite con
clusively that this 15 1ndeed the case Figure III 5 shows the
results of a recent expeniment with long acting AGTH carred
out 1n our laboratory (Flux, Folley and Rowland, 1954) The
curves shown 1n this Figure depict the mean daily milk yields
of three groups of cows, two of which recerved AGTH wlhile
the third served as a control group The curves for the groups
of cows recerving wnjections of 100 or 200 1u AGTH on the
occastons wdicated by the appropnate arrows show that exther
dose of the hormone caused a marhed though temporary
depression 1 milk yield

However although no galactopoietic responses to ACTH
have been observed i cows studies of the effects of adrenal
ectomy on lactation m small animals show that the pituitary
adrenal axis 15 a critical factor in lactation maintenance just
asitis1n lactogenests This 1s attested by numerous expeniments
on small anmmals which have shown that adrenalectomy
causes a marked though not complete mhibition of lactation
Paired feeding experiments on the rat though presenting
difficulties 1n 1nterpretation because the adrenalectormzed rat
has less ability to support lactation by the catabolism of body
tssues (as well as to expend energy in spontaneous activity)
than pair fed controls mdicated that part of thus declme could
be attributed to chromc anorexia resulting from loss of the
adrenals leaving a defimte though relatively small proportion
to be ascribed to the loss of the adrenals per se (Cowie and
Folley 1948) However recent experiments in our laboratory
(Flux, 1955) show that an ovanan secretion probably pro
gesterone, contributes sigmificantly to the partal lactation
mamtenance observed after adrenalectomy for when the
ovaries are removed as well as the adrenals lactation 1s much
more severely mhbited than 1t 1s when only the adrenals are
removed This 15 shown in Figure ITI 6 which shows the mean
growth curves of the hitters of three groups of rats comprising
sham-operated Is, rats adrenall i on the fourth
day of lactation and rats from which both ovanes and adrenals
were removed on the fourth day It 1s obvious that lactation,
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asjudged by the growth cunves of the young was most severely
wmiubited 1 the latter group
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Fig II16 Companson between the cffects of adrea
alectomy and of adrenalectomy + ovanectemy on
lactation n the rat (resule fiom Flux 1955}

Replacement studies with adrenal corticords m adrenal
ectomized lactaung rats have gien somewhat discordant
results Though 1t was at first believed that the effect of the
adrenals on lactation was mediated mamly through electrolyte
and water metabolism Gaunt Eversole and kendall (1942)
later concluded that the cnucal factor for normal lactation
was a suffiaency of 11-oxygenated steroids then behieved to
be mamly concerned with proten and carbohydrate meta
bohsm They arnved at this conclusion because they could
achieve plete 1 n rats adrenal
mized yust after partuntion with 11-oxygenated steroids but
not with deoxycorncosterone In contrast, Dr Cowre and the
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author have never been able to achieve complete factation
replacement 1 our rats with 1i-oxygenated sterouds alone
(Cowie and Folley, 1947, Cowie, 1952) In our eather expent
ments, when scaraity of supphes himited the doses of 11
oxygenated steroids we were able to give, our most effective
steroid was deoxvcorticosterone, though even high doses of
this substance did not completely restore lactation to normal
Later, however, Cowie (1952} was able to show that larger
dases of cortisone were as effective 1n lactation mantenance as
deoxycorticosterone though as emphasized above the restora
ton was not complete
We have tnied to discaver the reason why the adrenalecto
mized rats of Gaunt, Eversole and Kendall (1942) lactate
normally on cortisone therapy while ours do not The supert
anty of deoxycorticosterone w our earler expernments was
marntamed when our rats were given a tugh protewn diet with
& view to providing conditions most favourable for the action
of the glucocorticads {Cowie and Folley, 1947) Cowe (1952)
later found that considerable vanianons mn the dietary ntahe
of sodium also failed to affect the wssue appreciably Thus,
despate the fact that Nagareda and Gaunt (1948) found the
Jactation mamtaumng abihty of deoxycorticosterone n thewr
adrenalectomuzed rats to be sensitive to extreme vanations
in dietary sodium and potassium 1t scems hardly bhely that
differences m the dictary regimes obtaining 1n the respective
laboratories could be large enough to account for these
discrepancies  Since, as shown n the Figure Ifl 7 Cowe
(1952) ha. now achieved virtually complete lactation mainte
nance 10 our rats by simultaneous admimstration of cortisone
and deoxycorticosterone 1t seerns possible that the explanation
mmght he n stram differences 1n the nature of the above
mentioned contnbution of the ovaries This Figure shows the
mean growth curve of the hiters of a group of rats adrenalecto
mized on the fourth day of lactation and therecafier given
corusone and deoxycorticosterone acetate by pellet implanta
non It will be seen that the Diters of these rats grew as fast as
those of sham operated control rats The discovery of the new
adrenocorticord, aldosterone, raised the question whether ths
e was specially active g lactation
adrenalectomuzed rats Cowie and Tindal (1955) found
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definite activity with as hittle as 50 ug datly but even more
stnfang was thar finding that 100 g datly of gz chlore
hydrocortisone gave almost complete mamtenance
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Fig IIy  “Mantenance of lactation with adrenat corticords
n adrenalectomized vats (from Cowse rgse)

Biochemucal studies are beginning to provide some 1
formation about the way m which the adrenal corticoids may

¢ mvolved in the lation of normal v i
though such explorations are as yet only mn their infancy
Studies on the mammary gland arginase, an enzyme whichn
the biver 15 considered to be intimately 1nvolved in either the
anabole or catabohe phases of protemn mctabolist or perhaps
both, at one ume seemed promusing but the latest resuls have
givennise 1o a position less easy to evaluate Figure ITI 8 shows
ame results of determations of the arginase acavity of rat
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author have never been able ta achieve complete lactation
replacement m our rats with 11 oaygenated steroids alone
(Cowie and Folley, 1947, Cowie, 1952) In our earlier expent
ments, when scarcity of supphes limuted the doses of 11
oxygenated steroids we were able to give, our most effective
steroxd was deoxycorticosterone, though even high doses of
this substance did not completely restore lactation to normal
Later, however, Cowie (1952) was able to show that larger
doses of cortisane were as effective in lactation mamntenance as
deoxycorty though as empt d above the restora
ton was not complete

We have tried to discover the reason why the adrenalecto
mized rats of Gaunt, Eversole and Kendall (1942) lactate
normally on cortisone therapy wiile ours do not The supers
onty of deoxycorticosterone m our earlier experiments was
mantaned when our rats were given a high proten diet with
a view to providing conditions most favourable for the action
of the glucocorticoids (Cowre and Folley, 1947) Cowze (1952)
fater found that considerable vanations 1 the dietary wtahe
of sodwm also failed to affect the wsue appreciably Thus,
desprte the fact that Nagareda and Gaunt (1948) found the
lactahon mamtamng ability of deoxycorticosterone n thewr
adrenalectormzed rats to be sensitive to extreme vanations
i dietary sodsum and potassium 1t seems hardly lihely that
differences 1n the dietary regumes obtammng in the respective
laboratones could be large encugh to account for thesc
discrepancies Since as shown in the Figure ITI 7, Cowie
{1952) bas now achieved virtually complete lactation mamnte
nance 1n our rats by simultaneous administration of cortisone
and deoxycorticosterone 1t scems possible that the explanation
might he i strain differences m the nature of the abose
mentioned contrbution of the ovanes This Figure shows the
mean growth curve of the hitters of a group of rats adrenalecto
mized on the fourth day of Iactation and thereafter given
cortisone and deoxycorticosterone acetate by pellet smplanta
tion It wili be seen that the hitters of these rats grew as fast as
tho e of sham operated control rats The discovery of the new
adrenocorticord, aldosterone, rased the question whether this
substance was speaally active i mantasung lactauon
adrenalectonuzed rats Cowze and Tindal (195,) found
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defimite activity wath as httle as 50 ug daly but even more
striing was therr finding that 100 ug daily of ga chloro
hydrocortisone gave almost complete maintenance
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Fig 1117 Mantenance of lactation with adrenal corticoids
mn adrenalectormzed rats (from Cowte 1952)

Biochemical studies are beginming to prownide some in
formation about the way in which the adrenal corticoids may
be mvolved 1n the regulation of normal mammary function
though such explorations are as yet only m ther wfancy
Studues on the mammary gland arginase an enzyme which
the hver 15 considered to be mtimately mvolved i either the
anabohic or catabolic phases of protein metabolism or perhaps
both at one time seemed promusing but the latest results have
&Ven r1se 1o a position less easy to evaluate Figure ITI 8 shows
some results of determnations of the argmase actvaty of rat
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mammary ussue carried out a few years ago n collaboraton
with Dr A L Greenbaum (Folley and Greenbaum, 1947) It
wiil be seen that the arginase activity of the mammarv tusue
remams virtually constant at a relatisely low level dunng
pregnancy and for a few days post partum At about the £fth
day post partum the enzyme content begins to nse rapudly and
by the 20th day has attained a level about 5-6 times that at
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Fg 1118  Argiase content of the rat mammary gland dunng
pregaancy and lactauon (frort Folley and Greemhavm  1947)

partuntion decreasing sharply agam after weamung In the
rat n full lactation the arginase content of the mammary
gland 1s quite notable this tussue bemng second only to the
Iiver as a source of arginase m the body and having about
one ninth of 1ts acuwvity Though the biological role of arginase
m the mammary gland 1s not known with certanty, as we
shail see, these results suggest a close relattonship to the
secrctory process  The same apphes to the mammary gland of
the mouse since the arginase content of the latter also increases
as Jactauon praceeds and 1s comparable with that of the rat
{unpublished results of Folley and Greenbaum, cited by
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Folley, 1949) Adrenalectomy at the fourth day of lactauon
largely prevents the ncrease m the mammary gland arginase
with advancing lactauon since as Table 111 shows the
mammary argmase levels of adrenalectomized rats kalled at
the 17th day are much lower than those of par fed controls

Tansre 111 ¢

Effect of adrenalectomy on the arginase content of the mammary gland
of the lactating rat

{from Folley and Greenbaum, 1948}

Argmase content of
No of rats mammary gland
unitsfg  mulk free tissue

Sham operation (fed ad
hb)

1623-9
Sham operation (pair
fed) 9 147410
Adrenalectoruzed at day
4 of lactation (fed ad
23] 9 20323

{Folley and Greenbaum 1948) Lactation seems also to
demand an mcrease 1n the hver arginase levels atleast in the
rat snce as the curves m Figure IIT gshow the liver argmase
Ievel increases by about 50 % immedhately after partuntion
at which enhanced level it remains virtually constant through
out Jactation decreasing again only after weaning (Folley and
Greenbaum 1947) Here also, as onginally found by Fraenkel
Conrat, Stmpson and Evans (19¢3) for the Iivers of non
lactating rats adrenalectomy at the fourth day decreases the
hver argmase level to about one thurd of that of pair fed
controls

The hiver argmase 1s beheved to be a component of a
complicated enzyme system d with the d.
of arino acids so that 1t scems logical to interpret the ncrease
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1 the hver argimase level observed in the rat at about the time
of parturition as reflectmg an increase 1n the rate of hepatc
gluconeogenesis This would probably result from an mcreased
demand for deamimzed residues which can be transported to

-

Arginase unitslg moist tissue

400
Partunfion T anung
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Fiy, Ig Laver arginase levels in the rat during preg
nancy and lactaton (from Folley and Greembaum 1947}

the mammary gland and there converted to lactose or mulk
fat or used for encrgy production This view wivolve the
assumption that changes in the arginase level reflect changes
mn the rate of gluconeogenesis from protem  Folley and
Greenbaum (1947} hkewise snterpreted the changes m the
arginase levels of the mammary gland of the rat during lacta
tion and after weamng as evidence that the argimase of the
mammary gland plays a similar role there This scemed all
the more hikely since Graham, Houchun and Turner (1937},
on the basis of artento venous studies, had carlier reported that
the udder of the lactating goat produces urea It thus appeared
reasonable to suppose that as the mulk yield of the rat pro
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gressnvely mncreases the liver fails to heep pace with the ever-
ncreasing demands of the mammary glands for non mtroge
nous milk precursors so that the mammary tissue 1s forced to
realize to an increasing eatent its potentiahties (manifested by
the presence of arginase) for effecting gluconeogenesis from
protemm On this view since the adrenal cortex through the
action of the glucocorticords 1s believed to promote gluconeo
genesis  the unfavourable effects of adrenalectomy upon
lactation would be mediated through the resulung mhibiion
of gluconeogenesis from protemn both mn the liver and
mammary gland atself

However determinations of the argmase content of the
lactating y gland m r and other herbivo-
rous ammals have shown that the mammary ussue mn these
species contaimns very httle enzyme as compared with the
mammae of the rat and mouse This 15 evident from some
unpublished results on the arginase levels of mammary tssue
n vanous species obtamed in collaboration with Dr Green
baum (see Folley 1949) which are presented in Table III 2

Tasie I 2
Arginase content of the mammary gland 1n vanous
spectes dunng lactation

(unpubhshed results of Folley and Greenbaum 1948 cited by
Folley 1949)

Stage of No of Unuts of arginasefg

Ammal lactation o0 O moist tssue
(days) Absolute Relatne
Rat 17 5 1447 100
Aouse 5 5 510 35
Mouse 15 6 8g2 62
Guunea pig 5 5 78 5
Gumea pig 10 6 160 7
Rabbit 7 6 19 1
Rabbit 28 5 40 3
Sheep early 3 39 3
Goat advanced 6 32 2
Cow advanced 10 20 1
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In view of this finding 1t would seem that despite the conten
ton of Graham and Ius collaborators that the lactating goat
udder produces urea, 1t must be regarded as doubtful whether
gl n the y gland plays any significant
role 1n lactation in herbivorous forms In this connection 1t
would be mteresung to know how severe are the effects of
adrenalectomy upon lactation m rummnants Moreover, as
far as the rat itself 1s concerned we have found that the relative
abihties of cortisone and deoxycorticosterone to mamtain the
tissue arginase levels 1n lactating rats after adrenalectomy are
somewhat different from their relative lactation mantaimng
abiktties i the same rats (Folley and Watson 1951) It there
fore follows that even 1n the rat and mouse the only forms in
which appreciable levels of arginase have so far been found in
the mammary gland the biological role of arginase i this
organ 1s stil far from clear

Other brochemical studies which we have made suggest
that the adrenal cortex may also be concerned 1n the regula
ton of a process for winch the mammary gland exhibits
outstanding capabulities, namely, lipogenests If lactating rats
are myected wath [carboxy—14C] acetate, the fatty acids wsolated
from the mammae at autopsy shortly thereafter are strongly
radioactive, the specific activity of the short chamn (volatle)
fraction being greater than thatof the long chamn (non volaule)
aads_Unpublished studies carried out by Dr R F Glascock
and Dr W G Duncombe i our laboratory have shown that
after adrenalectomy the ratio of the speaific actvittes of the
volatile and non volatile fractions ssolated from the mammary
ussue of rats receiving radioactive acetate was higher than
that of similar fractions 1solated from the mammae of wmtact
controls, suggesting that adrenalectomy had 1n some way
disturbed the mechamsm of hipogenesis from small molecules
n the mammary gland Studies of the effect of adrenal corti
coids 1n lipogenests 1 mammary gland shces i sutro are 1
harmony with this supposition, but will not be further touched
upon here since Lipogenesis in the mammary gland s dealt
with 1n detail i Chapter V

THE PITUITARY THYROID MECHANISM
We turn now to the role of the ptuntary thyroid mechamsm
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m mulk secretion Earlier work on the role of the thyroid gland
1 ymlk secretion led to the conclusion that while the thyroid
hormone 1s not essential for mammary gland funcuon
nevertheless the pituitary thyroid axis may be regarded as an
important regulator of the rate of mlk secretion This conclu
ston follows from the facts that on the one hand thyroidectomy
reduces the milk y1eld but does not abolish secretion altogether,
while on the other admumstration of thyrord hormone exerts
a galactopoletic effect under swtable conditons The latter
effect, first reported sixty years ago for the cow by Hertoghe
(1896) has been confirmed and exhaustively investigated 1n
recent years (see Blaxter 1952 for detailed review) It has also
been recently demonstrated 1n rats by Deschin (1949} and
women by Romam Plocq and Recht (1949} and by Roche
Giraud Lelong, Liardet and Coignet {1950) Galactopoietic
n cows were ob d by Folley and Young (1938
1939) by injections of pitwstary eatracts nich n thyrotrophin
but vartually free from prolactin and this indication of the
mmportance of the pituitary thyroid axis as a regulator of
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Fig II10 Increase in mulk yield of a group of four cows
recenang DL-thyroxine sodium (10 mg/day) subcutancously
conunuous hine daily milk production of treated cows
nterrupted hine daily mulk production of control cows

(from Folley and White r1936)
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lactation 15 m harmony with the powerful galactopolet
action of the thyroid hormone which will now be considerec

The possibility of using thyroid active matenals on a larg
scale for sncreasing the mulk yield of cows in dechmng lactatio
has led to numerous experuments during the past decade o
vanous aspects of the galactoporetic effect of thyrord hormone
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Fig Il 11 Decrease 1n the alkal

1ne phosphatase content of the milk

of the cow after injections of DL

thyroxine sodium (1o mg/day) The

results are expressed as a percentage

of the mean inttial value Each curve

represents the mean values for four

cows (fiom Folley and White 1936)
The onginal work of Hertoghe was lost sight of unul 1934
when the phenomenon was rediscovered by Graham (1934
a, b), who besides obtaming galactopoictic effects 1n cous by
feeding dnied thyroid gland showed that injection of synthetic
thyroamne gave simular results Shortly afierwards we confirm
ed and catended Graham s work 1n our laboratory showing
that daily injection of thyroxine not only caused a considerable
temporary merease in nulk yield but also mncreased the pereent
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ages of fat and non fatty solids 1n the mlk {Folley and White
1936) Some of our results are shown 1n Figure II1 10 1n which
the curves represent mean values for a group of cows recetving
daily subcutaneous mjections of 10 mg DL-thyromne as
compared with the values for a control group injected with
sahne We also showed that the concentration of alkalme
phosphatase m the mulk was dramatically reduced during the
treatment peniod  Thus 15 shown 1n Figure III 11 which illus
trates the mean percentage drop 1 the mulk alhaline phospha
tase level This latter 1s a specific and sensitive response to the
thyroid hormone which we later found very useful for assaying
thyroid active preparations for galactopoietic potency n
cows, 1ts significance from the point of view of the mechamsm
of the interaction of the thyrord hormone and the mammary
gland 1s unknown and would repay further study

Studies 1n many laboratories of the effect of thyroid active
matenals on milk composition have led to the conclusion that
the only changes of note besides those already mentioned are a
decrease 1n ascorbic acid content and as shown by Chanda
and Owen (1951) an increase mn the organically bound
phosphate The expenments of Chanda McNaught and
Owen (1952) and also those of Bailey Bartlett Folley
Rowuland and Thompson (1951) m our Insttute have estab
lished that during the period of treatment wath thyroid hor
mone the proportion of the vitamn B, of the mulk present as
co carboxylase that 1s 1n the phosphorylated form,
concomutantly with the decrease 1n the alkaline phosphatase
content Figure IIT 12 shows some of our results which 1llus
trate this These results were obtamned on a group of cowns
recenang L thyoxine by mouth The opposite changes in the
alkaline phosphatase content and in the ratio of the phosphory
lated to free aneurin in the mulk are clearly shown One 1s
tempted to conclude that the unphosphorylated aneurn of
the mlk anses by dephosphorylation of aneunn phosphate
while the mulk 15 1n the udder However since aneurin phos
phate 15 a pyrophosphate its dephosphorylation would presum
ably require the successive action of a speafic pyrophos
phatase and of the alkaline phosphatase While the presence
of a Pyrophosphatase 1n cow s mulk has been claimed this
contention has not yet been satisfactonly proved Moreover
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the alkaline phosphatase, the optmum pH of which i
around pH g-10, would probably not be very actve at the
pH of milk This atractive hypothess thus requires further
proof before 1t can be accepted

The earhier expenments on the galactopoietie effect of
thvroid hormone mainly involved the feeding of 1odocasen
(see Blaxter, 1952 for review), which although readily maden

Phosphatase  King Armstrong units/100 m!
wioj pareidioydsoyd up ugsasur Juss Jag

Weeks

Fig 11112 The cffect of feeding L-thyroxne on
the allaline phosphatase content of the malk of the
cow and on the ratio of the phasphorylated ta free
apeunn {from Baley Banlett Follr Rowland and
Thompson  unpublushed results ted by Folley 1951)

quantty and therefore cheap, possesses certain disadsantages
1n practice Thus, st mustbe standardized by biological methods
often a troublesome and uncertamn procedure, and some
preparations possess a taste and smell which cause a proportion
of cows to refuse 1t Morcover 1ts admumstration entais 2
conuderable intake of non thyroxine 1odine which may cause
untoward effects It had come mnto wide use mamly because
synthetic thyroxine was untl recently scarce and expensive
and, moreover, behieved to be relatyely mactive by the orad
route 11 cows A few years ago, however, Chalmers Dickson,
Elbs and Hems (1949) described 2 new and improved method
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of synthests of L-thyroxine which promuses to make the hor

mone available 1n quantity at a price which will compete with
that of sodocasein  This noteworthy adsance prompted us to
myestigate the galactopoietic activity of L thyroune when
gwven to lactating cows by the oral route and we found that its
potency by this mode of administration was much greater
than had been supposed (Bailey Bartlett and Folley, 1949)

Kgfcow/day

Days
Fig IIi3 Effect of L thyroxine gven by mouth on the

mlk yield of groups of cows (dose levels indicated were fed
datly) (from Bailey Bartlett and Follp 1949)

Our results are shown in Figure III 13 which shows the mean
lactation curves for groups of cows recaving varous daily
doses of synthetic L-thyroaine by mouth It wall be scen that a
daily dose of 100 mg L thyromne by mouth caused a conside

rable temporary increase i mulk yreld, which incidentally was
a little greater than the effect produced by feeding our stand

ard dose of 20 g 1odocasemn daily Since thyroxine 1s odour

less and vartually tasteless and since 1ts purnity can be checked
by chemical techniques thus obviating troublesome bioassay
Procedures and smce moreover, 1ts use entails a relatnvely
small iodine ntake so that the nish of 1odism 1s virtually
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the alkaline phosphatase, the optimum pH of which 15
around pH g-10 would probably not be very active at the
pH of mulk This attractive hypothesis thus requures further
proof before 1t can be accepted

The earlier experiments on the galactoporetic effect of
thyrord hormone mainly mvolved the feeding of 10docasemn
(see Blaxter, 1952 for review), which although readily made in
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Fig II12 The effect of feeding L-thyroxine on
the alkaline phosphatase content of the mulk of the
cow and on the rato of the phosphorylated to free
aneunin (from Baley Bartlett Folley Rowland and
Thompson unpubleshed results ated by Follyy 1951)

quantity and therefore cheap, possesses certain disadvantages
1n practice Thus, 1t must be standardized by brological methods
often a troublesome and uncertain procedure, and some
preparations possess a taste and smell which cause a proportion
of cows to refuse 1t Moreover its administration entails a
considerable mtake of non thyroxne 1odine which may cause
untoward effects It had come into wide use mainly because
synthetic thyroxine was until recently scarce and expensive
and, moreover, believed to be relatively mactive by the oral
route 1n cows A few years ago, however Chalmers, Dickson,
Elks and Hems (1949) descnibed a new and improved method
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mactnated 1n the rumen than thyroxme The first posability
was studied 1 an expeniment in which the galactoporetic
effects of equal doses, 5 mg daily, of the two substances given
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Fig 111 14 Effect of feeding L truodothyron
1ne on the mulk yield of groups of cows the
curves represent changes 1in the mlk yield in
hgfcow/day (fiom Bartlett Burt Folley and
Royland 1953}

by subcutaneous mjection were compared in lactating cows
(Bartlett e al 1953) By the subcutancous route 3 5 3

truodo L thyronine proved to be somewhat more active than
thyroxme by all criteria studied — the mncrease m mulk yield
and m the percentages of milk fat and non fatty sohds the
decrease 1n the mulh atlkaline phosphatase and the mcrease
the heart rate — though at the most 1ts potency was no more
than twice that of thyroxmne To illustrate these results I have
this time selected the effects on the mulk phosphatase content
which are shown 1 Figure 111 15 The curves here represent
the percentage changes i the mlk phosphatase due to the
treatment and you will note that 5 mg 3 5 3 truodo L

thyronme subcutaneously daily caused a shghtly larger de
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eliminated, L thyrosmne 1s to be preferred to 1odoca em for
all purposes for which the latter has been or 1s intended to be
used, 1n fact 10docasein can now be regarded as of acadenti,
terest only It1s worth noting that reassunng results were
obtamed by Leech and Bailey {1953) 1n a large scale expen
mant wn whaeh the effects on the health and reproductie
abilities of cows, of admumistration of L thyroarne m three suc
cessive lactations, were studied

Recently Roche, Lissitzkv and Michel (1952} and Gross and
Patt Ruvers (19534) have mdependently ssolated a biologicall
active matenal from the thyroid gland which has been idents
fied a5 3 5 3 trmodo L thyromne Thus sobstance which
daffers from thyroxine in chemcal constitution only in that sts
molecule contains one less atom of 1odine, has been reported
to be 5-7 tymes more active than thyroxne 1n vanous biologt
cal tests in small ammals and also 1 humans (Gross and
Pit Ruvers 1953 b, Tomuch and Woollett, 1g53, Lerman,
1953) Smce 3 5 4 trnodo L thyromme can be synthesized
almost as readily as thyroxine 1t seemed to us important t0
test 1ts actinity by the galactopoietic response 1n cattle smee )
1t proved several times more active in this respect than
thyroxine the cost of the treatment mught be considerably
Jowered However, m feeding expeniments n lactating cows
1 which the effects of three doses of 3 5 3 truodo L thy
rorune were compared with that of a dose of 75 mg synthetze
L-thyroxine daily we found that even the ighest dose of the
former 64 mg dady, had very kttle effect on mulk secretion
(Bartlcty, Burt, Folley and Rowland 1954) This 1s evident
from Figure IIT 14 which shows the mean miik yield responses
of the various groups of cows used in thus experiment Each
curve shows the 1ncrcase in the milk yield of 4 group ot cows
over the mean value for the group before feeding began and 15
corrected for the change i milkh vield undergone by a
comparable group of untreated control cows The effects of
the treatments on the mlk phosphatase levels led to sumtlar
conclusions

This suggested three altcrnative possibilities, (a) that

3 truodo Lethyroune has relatively httle wnhcrent

galactopoletic acuvity, (b) that 1t 1s not well absorbed from
the digestive tract of the cow or (c) that st 15 more readily
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mactivated in the rumen than thyroxine The first possibility
was studied 1n an expenment i which the galactopoietic
effects of equal doses, 5 mg daily, of the two substances given

Bea mt g End of
i of breatme b t treatme +
L
2 .
A

e ™

O el N,
! g ol PR Nhorey:
SRR P

o o= . %

- —
o
182 3 4 5 & 7 8

Weeks

16 mg Tnodothyro per day
14

64
75 mg L-thyro me.

Fig 1T 14 Effect of feedmg L trnodothyron
e on the mik yield of groups of cows the
curves represent changes in the mulk yield
kgfcow/day (from Bartlett Burt Folly and
Rouland 1953)

by sub:

Y were pared 1 lactating cows
(Bartlett et a! 1953) By the subcutancous route 3 5 3
tniodo L thyronme proved to be somewhat more active than
thyroxne by all cntensa studied ~ the merease m milk yield
and mn the percentages of mulk fat and non fatty sohds the
decrease 1n the mulk allahne phosphatase and the increase 1n
the heart rate - though at the most 1ts potency was no more
than twice that of thyroxine To ilustrate these results I have
s tme selected the effects on the milk phosphatase content
:‘;llnch are shown i Figure I1I 15 The curves here represent
the percentage changes m the milk phosphatase duc to the
b ment and you will note that 5 mg 3 5 3 trodo L
Yronme subcutaneously daily caused a shehtly larger de
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crease mn the enzyme concentrations than the same amount of
L thvrosane However, 1 view of the relaely shight actvity
of 3 5 3 trmodo L thyrommne by the oral route 1 cows
(the only useful one for the farmer), which we believe to be
due to ats raprd mactivation by rumen mucroorganusms, thus
substance clearly hasno practical posubihitses for use 1 cattle

o—o5mg L thyroaae per day
o -0 S frodothyrmine p rday

“ B x
Weeks

Fig IIl15 Percentage change wn
mulk phosphatase in the cow after
subcutaneous injections of Lotruodo
thyromne (from Burtfelt Bust Fulley
and Rowland 1953}

REFERENCES

Asmov G J and hoouze, N K. (1997} J Dawy S 20 89

Bailey G L Bartlett S and Folley S J (194n) Aatwre Lond 363 800

Baey G L Bartlett S Folley § J Rowland S J and Thompson
S 3 unpublahed rolis tied by Folley § 3 (19531 Coffog fnt C ¥R
S§ XXM 3950 p 81

Balman J H and Folley S I (1052) reh Biuchen Biophys 39 188

Barlett S Burt A W A, Tolley S J and Rowland 5 § (1954 3
Endocrin 20 183



GALACTOPOIESIS 71

Bergman A J and Tumer © W (3940} 7 Dmr) S =23 1229

Blaxter h. L. {1952) Vstam end Horm 30 21

Bradley T R Folley § § Landgeebe F W and Aitchell G N {1958)
Buchim Buplys dde 13 449

Chalmers § R Didson & T Elks J and Hems B A (1930) J
chem S P 3424

Chanda R Mchaughe, M LoandQuen EC (1952713:0:!10" F 5% 543

Chandz B aud Owen E © (st} Backm 7 &

Go‘t: P (‘.nchmn J A Folley 5 J and Young F G (1949} Nature

nd 164

Cotes ¥ M Rnd E apd Young F G {3949) Yature Lond 1ig 209

Cowie \ T (x953) Endocrinology 5% 217

Cowie A T and Folley 8 ] (5047} F Endoenn 5 4

Cowie \ T and Folley S J (1948} ¥ Endecin 5 aB2

Cowie A T and Tindal § S (1955 Endoonmlogy 56 6in

Dt:sdm L (949) C R Sor Bt Pnru 143 1156

Flux D 5 (1935) F Endecrn xz

Flux D 8§ Folley § J and Rowland S J (1958 F Endonn 10 333

Follyy § J (1947) Brue med Bull 5 142

Folley S°§ (1949) Bl Ree 24 g1

Folley S J (1g5s) m R W Smuth O H Gaeberand C N H Long
The Hypophpseal Cronth Hormme Nawre and Actions New york
Blalsston Chap 27

Folley § ] and Greesbaum A L f1947) Buckem J 45 261

Folley S | and Greenbaum A L (tq48; Buwchem J g3 58t

aney S J and Watson $ C (1g51) Proc Soc exp Biol N T 78 473

S 37 avd White P {1936) Prec v Sox B 320 346

Fbul'y, S ) avd Young ¥ G (1038) Prac roy S B 126 45

Folley S J and Young ¥ G {1939) Biochem 7 33 192

Tolley § J avd Young ¥ G (1940} JF Fadon 2 28

Folley S } and Young F G (1g41) Laneet 240 480

Frzexhtx;dcqmu H Sunpion M E and Bvams H M (1943} J bt

Guunt R Toomscte W 3 and heodalt £ G {1943) Endocology 3x 85

Grabam W R yr (iggaa) J durr 7 407

Grabam W R yr (1g3gh) Diochon § 3B 1568

Graham W R yr Howthin O B and Turner O W ({3037) 7 bof
Chem 320 29

Gregowe © {1n47) J Endern 5 68

Gross | and Pitt Revers R {1953¢) Biockem § 53 633

Gross 7 and Pitt Rivess R {aon3b) Bochem ¥ 53 657

Hg!loghc B (186) Bull dcad Med Belg (4 sy 10 38r

Leeh' F B and Badey G L {3953 7 agwe Sa 43 236

'—kmn J (1953) F chn Budoinal Melsb 13 s33t

Nag S and Gaunt R. {3948} dnat Rec 208 723

Oche I Glraud 7 Lclnng \x Laavdet ] and Coxgnet T (1as0}
Bull Acad Mid Pars 13

RL;;:: 1 lﬂmmﬂy S o b R (1952 € R Acad St Pams 236
7 1221



72 PHYSIOLOGY AND BIOCHEMISTRY OF LACTATION

Romam J D Plocq G and Recht P (1949) Ro Sa Med Pars
2 16

Roy A (1947) PhD Thesis University of London

Selye H (1934) dmer F Physiol 107 535

Tomich E G and Woollett E A (1953) Lancet 264, 726

Williams W L (1945) 4dnat Rec 93 171

Young F G (1947) Brit med Bull 5 155



CHAPTER IV

THE PHYSIOLOGY OF SUCRLING AND MILKING

THE MILK EJECTION REFLEX

It has long been known that the wathdrawal of milk from the
mammary gland whether by the suckling young, the hand
mulker or the milhing machine, invelves the active participa
tion rather than the passive acquiescence of the lactating
ammal In spealang of the active participation of the mother
I do not mean her behaviour pattern 1 promoting access of
the young to her nmipples which we may call nursing be
haviour * T use the word participation 1n a limited sense to
mean the role of the lactating ammal 1n promoting the flow
of milk from the mammary tissues a role which 15 quite
unconscious

The greater part of the mulk present m the fully charged
mammary gland, which 1n essence compnses the contents of
the ak eolt and finest ducts, only becomes available for transfer
through the teat to the eaterior of the gland 1if foraibly
expressed from the alveoh into the larger ducts by the reflex
contraction of effector contractile cells forming a networh
over the stromal surface of the alveoh Thisreflex the exstence
of which has been tacitly recogmsed for some e (see Folley
1947 for review), mamfests itself by a sudden nise i the mulk
Pressure m the mammary gland 1n response to the sumulation
of sensory nerve endings i the teat thatis the application of
the suckling or mullung stimulus This sudden reflex rnise
ntra mammary pressure 1s 1llustrated 1 Figure IV 1 The
figure taken from a paper by Tgetgel (1926) shows the curve
of increase of mulk pressure 1n the udder cistern of a cow

* Cowie Folley Cross Harms Jacobsohn and Ruchardson (1951)
have proposed a system of logy for use 1n 1 1

thig terminology 15 adopted 1n this chapter (see also Cowie Folley and
Ruchardson 1954)
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between one milkung and the next We see how two successine
applications of the nulhing stmulus at times marked by the
arrows, caused sudden temporary increases 1n the pressure of
milk 1n the gland cistern which soon subsided even though no
mulk was withdrawn The milk ejection reflex 1s the means by

Milk pressure (mm Hg)

aO 2 4 -3 -] 10 : 1
Hours after milking
Fig IV 1 Milk pressure cunve between one millung and
the next {cow} reaction to the milhing stmulus (from
Tgetel 1926)

which the active but unconscious participation of the lactating
mother in the act of nursing, essential 1f the full yield of
available milk 1s to be obtained, comesnto play Plate IV 2
shows a famous pammting by the Venetian master, Timtoretto
Ttiscalled The Ongn of the Milky Way' and hangs in the
National Gallery in London It scems to have been insprred
by a classical myth, one version of which tells how Jupiter
descended from Olympus to pluck the infant Hercules from
the breast of Juno The picture 1s of interest 1n the present
connection because 1t 1llustrates some significant points about
the essential nature of the mulk-gjecuon reflex It 1s as if
Tintoretto, 1f not the ancients ntwtinely knew that the
suchling stimulus causes SOme response 11 the lactating breast
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which results i a tendency for its contents to be foraibly
expelled Another important point illustrated by the pamnting
15 that the response to suckling 1s systerme rather than local,
for the baby suckles one breast but mulk 15 ¢jected from both
(see Newton and Newton, 1948) In this connection we may
note that 1t 15 the exception rather than the rule for nulk
to spurt from the nipple when the milk ejection reflex operates
unless the of the teat sph 15 overcome by the
mouth of the suckling or the action of the teat cup of the mlk
mg machine

The smportance of thus reflex for the total phenomenon of
lactation 15 obvious If1t fails to occur the end resuit will be the
same as if secretron atself had ceased Its for this reason that it
1s cifficult to nterpret many experiments n which the effects
upon lactation of the section of afferent nerves from the mam
mary gland have been studied The rather elegant experiments
of Ingelbrecht (1935) have often been ated He denervated
the abdominal mammae of lactating rats and showed that the
young died from lack of milk if they were prevented from suck
hing the thoracic glands while being allowed access to the ab
dominal mpples If however suckling of even two of the tho
racic glands was permitted then the young could obtamn milk
from the abdomunal glands and the whole litter thnived Now
there 1s evidence that the suckling stimulus not only evokes
the milk ejection reflex but akso reflexly excites the secretion
by the antenor pituttary of lactogemic hormones which main
tan the mammary tissues 1n a secretory condition It 19 thus
not clear whether Ingelbrecht was concerned wrth a failure of
milk secretion or with a bloch 1n the mlk expulsion mechanism
or both Partial failure of the reflex because of faulty prepara
tion for milking may be of practical tmportance for if habitual
1t could result not only 1n sertous malnutrition of the sucklings
but also 1 shortening of the lactation period resultng from
acceleration of mvolution of the mammary alveolar tissue
because abnormal amounts of secretion are retamed In ths
connection 1t may be noted that mulling does not completely
empty the alveol: of secretion as evidenced by the fact now
well known  that injection of postenior prtwitary extract
immediately after mulling enables one to obtam some more
milk especrally rich in fat
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Like other reflexes the mulk ¢jection reflex can be condi
tioned It 1s a matter of common observation that in the cow,
1t easily becomes conditioned to a varety of auditory and
visual sttmuhi, assoctated with mulhing shed routine, such as
the ratthing of nulk buchets, washing the udder, etc Waller
(1938) 1n his well known book, relates examples of conditron
mg i lactating women One woman was accustomed to
driok a glass of water before putting her baby to the breast,
soon the mere act of filing the glass was sufficient to evohe
the reflex Like other conditioned reflexesit can be nhibited
by disagrecable, emotionally disturbing stimuh as has been
shown expenimentally by Ely and Petersen (1941) and
Wittleston (1951) 1n the cow, Newton and Newton (1948) 1n
woman and Cross (19555) 1n the rabbit It seems hhely that
this inlubition 15 central 1n most instances though in others
1t may be manly peripheral (see Cross 19555) The probability
that acuvation of the sympathetico adrenal system may
often be responsible for the inhbition 1s indicated by the fact
that as shown by Ely and Petersen (1g941), Cross (1953,
1955a) and others, adrenaline will block the normal reflex
we shall see later, the mik ejection response can be evohed by
certamn experimental procedures such as the mjection of oxy-
tocn and electnical stimulation of the supraoptico hypophy
stal tract Adrenaline injection willinterfere wath these respon
ses also For instance, Braude and Mitchell (1952) have
shown that the milk gjection response to oxytoan mn the
lactating sow, which some claim to be espeaially clear cut,
can be almost completely blocked by the prior mjection of
adrenaline In the rabbit, Cross (1953, 1955a) has shown that
adrenaline wall block the mlk ejection response both to oxyto
cn and to electncal sumulation of the supraopticohypophysial
tract These observations perhaps suggest that the mhibitory
effect of adrenaline 1s peripheral, that 1s, thatat abolishes the
effect of the mulk ejection hormone in the mammary gland
1tself In fact, Cross (19552) beheves that the mhibitory effect
of central sumulation on the mlk ejection reflex may depend
on the constniction of mammary blood vessels, thus impeding
access of oxytocin to the ussues The fact that Linzell (1955)
found that adrenaline did not abolish the alveolar contracung

effect of topically applied oxytoem on the mammary gland



Prate V2




PLate IV3

Milk gushing from the udder of a cow whose teats have been cannulated

after an intravenous injection of 180 1u oxytocmn (from Usuelle and
Piana 1952}
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of the Ining mouse 15 1n aceord with thas Cross {1953 193530)
further showed that endog drenal feased 1n
response to electrical sumulation of sympathenic centres m the
posterior hypathalamus alsoinhibited the milk gjection respon

se to oxytocin In view of all this evidence we may conclude
that activation of the sympathetico adrenal system can snhibst
the mull ejecnion reflex and that this inhubition 15 probably
though not necessanily exclusn ely penpheral This mechansm
15 almost certanty nat myolved 1n ol cases of whibiton since
the Jatter may be snduced by sumub such as embarvassment
{Newion and Newion, 1948) which probably do not acuvate
the sympathetico adrenal system The expenments of Cross
{15556) on the rabbut Ivd him to conclnde that the mam factor
1 the snhibiuen due to emotonal disturbance 15 wnerference
with the release of oxytotin by the posterior piteitary

EVIDENGE FOR THE NEUKOENDOCRINE REGULATION OF MLk
EJECTION

Let us now proceed to consider evidence that the mulk
giection reflex s neureendocrine i nature

The mslk eection reflex was once behieved to conswst of a
purely neural arc This behefl 1 however no longer held
there being abundant evadence as wall be shown fater that
the arc 1s 2 newrohormonal ane The efferant component of
thas are ts the release from the neurchy pophysis nto the blood
stream of a factor which as we shall see later 3 probably
oxytoain and which 15 bebieved o evohe the contraction of the
aforementioned effector tissue assouated anatonucally with
the mamrary aheok No single prece of evidence for this
theory 15 conclusive by stself but there 1s now such a coherent
Tody of concurrent and harmonous findings from vanous
angles that the neuroendacrine theory of milh ejection can be

pted as in | ple well established Nevertheless detals

of the afferent pathways and the precise chermcal nature of the
bormoenal component and the identity of s target tissue
the mamma remain to be further mvestigated

It has been hoown for over forty years ever simce the poneer
work of Ot and Scatt (1g13) followed a hitle later by that of
Schafer (1913) that the mlk ejection reflex can be muymicked
by the mgection of postensor prtwtary estract Plate IV g
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from Usuellt and Prana (1g52) shows how an tngection of
oxytocin 1nto a lactating cow whose teats have been cannula
ted causes the mulk to gush forth It 1s forty years since Gamnes
(1915) described nteresting experiments which today would
unhesitatingly be mterpreted as providing cogent evidence
for a physiological role for the neurohypophyss m mulh
ejection Among other nteresting findings, he showed that n
the bitch the reflex could be wmhbited by ether anaesthesia
and the mhibition overcome by the mjection of posterior
pitwitary extract These facts are illustrated n Figure IV 4
taken from Games (1915) which shows the mlk flow curves

gt —————
PRS—-Y

100 : N“ml?/( 4
. L //- [}
:"‘3 col / Anaesth hzed with th r
!
40
I D//((r—e—-o * Tigection of entrack of
%

2 4 6 8 10 1z 14 16 i
Minutes
Fig IV4 Milkflow cunesfor a bitch nursing puppies
(from Gamnes 1915)

for a lactating bitch obtamed by weighing her puppies at
mtervals dunng suckling It will be scen that when the
mother was anaesthetized the puppies could get mulk at first
but the flow soon stopped Thus represents the nulk presentin
the larger simuses whach, ke that contamed 1n the cisterns of
the bovine udder, can be drawn off without the intervention
of the milk ejection reflex * If' after the inttial flow had ceased
the bitch was given an ntravenous mjecton of posteror

pitutary extract the mik began to flow agamn and the puppies
were able to empty her breasts Essentally simular findings 1n
the rabbit were reported by Cross (19556) forty years later

* 1e. passive withdrawsl (see Cowse ef al 195%)

postertor phutary gland
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Despite his clear cut and significant results Games regarded
the mulk ejection reflex as a purely neural arc probably
because hardly anything was known of neuroendocrine rela
tonships at that time so that there was no background of
knowledge which would have led anyone to concene a
physiological role for the posterior lobe 1n this fanction The
position 1 d sub 1ally h d until about 1940
when Ely and Petersen (1941) performed experiments which
prompted them to advance for the first time the theory that
the suckling or mulhang sumulus causes reflex secretion by the
postertor piturtary of a hormone beleved by them to be
oxytocin, which i tumn evobes contraction of an effector
tissue capable of expressing mulk from the mammary alveolt
Ely and Petersen (1941) showed inter ala that after section of
two nerves believed to carry all the motor fibres to one half of
the udder of a cow the mulk ejection response could be
mduced by the mulking stmulus or oxytocin injection m
normal and denervated udder halves alike Moreover the
reflex resp to the millang lus could be blocked 1 both
udder halves by adrenaline or by fnght induced by sudden,
loud notses Provided one can feel satisfied that the operative
procedures had indeed cut all efferent fibres to the udder and
none had regenerated at the time of the experiment, these
findings argue aganst motor mnervation of the effector
contractile tissue of the udder and suggest that the terminal
efferent link ss hormonal mn nature

Later, more direct evidence that the milking stimulus evohes
the lLiberation into the blood stream of a hormone which
causes rulk ejection was afforded by expeniments in which 1t
was shown that if blood taken from a cow immediately after
the apphcation of the milhing sttmulus 1s perfused through an
1solated bovine udder with teats cannul~ted there 1s 2 more
rapid and copious flow of mulk than occurs when blood from
a non stmulated cow 1s used Table IV 1 shows some results
obtamed by Pecters Massart and Coussens (1947) by means
of their perfusion techmque which permuts the simultaneous
but mdependent perfusion of the two separated halves of a
bovine udder The mulk flow from the udder half perfused
with blood taken from a cow after she had been shmulated to
eject her milk was m all cases greater than the flow from the
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control udder-half perfused wath blood from an unsumulated
cow These results are essentally simlar to those carler
reported by Petersen and Ludwick (1942)

Taste IV 1
Expulsion of mulk from the two hal-es of a bomne et perfused
respecti-ely with blood from the same couw before and afier chploctn
of the milking stimulus
(from Peeters \Massart and Coussens I947)

Amount of milk expelled from the udder bssue soon
after arculanon was established

Expenment Lo half  perfused wath Rught half perfised with
no blood taken before milking blood taken after milkirng

stumulus apphed stumutus applied
mL ml
I 160 360
2 270 520
3 215 345
4 390 200

A number of experimenters have provided evidence that
the mulk ejection reflex inolves achvation of the postenor
Iobe of the pituitary gland by demonstrating the occurrence
of an antidiuretic effect of the posterior pituitary type shortly
after the application of the suchling or milking stimulus to 2

water loaded lactating subject Such results have been
obtained 1n the rabbit by Cross (19,0), the bitch by Kalliala,
Kanonen and Leppanen (1952), the cow by Pecters and
Coussens (19,0) and in woman by kalliala and harvonen
(1951) Now much work, mamly biological but culminatng
with the chemical work of du Vigneaud who with hus
colleagues prepared two hughly punified posterior lobe poly-
peptides which are biologically active (see du Vigneaud
1952) strongly suggests that the antiduretic and vasopressor
prnciples of the posternior lobe are idenuical \Morcover,
» 1 Coussens (1950) found that, m the cow mild
mhibited the antudiuretic response
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without interfening with the mlk ejection reflex Therefore,
we may conclude that while the experiments we have been
considering provide good evidence that the mulking stimulus
activates postenor pituitary functions 1t would seem unproba
ble that vasopressin 1s the natural mulk-gjection hormone
though, as weshall see, postenior pituitary vasopressor fractions
undoubtedly possess some mulk ejection activity

We thought 1t rght be interesting to approach the problem
m another way It seemed possible that the mulking sumulus
mught cause a measurable loss of oxytocic or vasopressor
actwity from the postertor lobe Accordmngly Mrs M H I
Dodd, 1 our laboratory, made carefil measurements of the
content of both actiaties 1n the postenor pituttary glands of
goats some of which were autopsied just after rulhing whule

TaeLe IV2
Amounts of oxytoctn and vasopressin 1n posterior putustaries of goals
(unpublished worh of Dodd cited by Folley 1952)

No Sex Age Vasopressin Oxytoan
of goat 1u /mg dry tisue  1u /mg dry tssue

Non lactating goats

393 Q 6 months 0708 08
385 ? 8 » 18 18
342 3 2} years 05 06
Lactating goats, unmilked for 24 kr before autopsy
316 ? 2 vyears 06 o8
326 ? 2 R 06 o6
338 Q@ 2 o8 =07
100 ? 6% 08 o8
Lactating goats, killed smmeduately after milkang out

79 ? 8 years o7 065
127 [~] [ s =06 =10
165 4 5 08 08-10
291 Q 3 06 o8
232 2 4 ) 08 0810
222 e 4 06 10
226 ? 4 0 28(%) 07
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others had gone unmilked for some hours before autopsy
(unpublished work by Dodd, 1951, cited by Folley, 1952)
However no depletion of brological activity due to mulhing
could be demonstrated As will be seen from the results gnen
1n Table IV 2 she found that the absolute amounts of oxytocic
and vasopressor actnities present in the posterior lobes of goats
shot 1mmediately after normal mulking were the same as
those of goats unmilked for 24 hr before autopsy Moreover,
the values for a small series of dry goats were indistinguishable
from those of lactating amimals In all cases save one the
concentrations of both principles, measured 1 international
units were equal, as they are by defimition 1 the mternational
standard ox posterior pitwstary powder Thus the ymilking
sumulus caused no measurable alteration n the ratio of
the concentrations of vasopressin and oaytocin in the posterior
pitwitary gland Similarly, Whattlestone, Bassett and Turner
(1952) assaying postertor lobes from consfor mulk-ejection
actiity by a special technique depending on the stumul
of mulh flow 1 the lactating sow could find no unequivocal
evidence of any appreciable decrease 1 this activity n the
pars nervosa as a result of normal milling It may be that the
amounts of postertor-lobe activities discharged i response
to the milking stimulus are too small in relation to the amounts
stored n the lobe to enable the difference to be detected by
assay methods at present avalable In our laboratory,
Dr A T Cowe has found that an intravenous injection of 1
1u oxytocin into an anaesthetized lactating goat will give a
mulk ejection response approximating mn magmtude and
duration to that obtaned during normal millang (unpublished
work of Cowie 1951 cited by Folley, 1952) His results are
illustrated 1n Figure IV 5 which shows kymograph tracings of
the nise 1 ntra mammary pressure evohed by different i
travenous doses of oxytocin into an anaesthetized goat with one
teat cannulated and the cannula connected to a pressure
recording device Goat posterior lobes contain 10-15 1u
oxytocin (personal communication from Mrs M H I Dodd)
so that the mulling simulus may cause only a discharge of
10 % or less of the amount stored 1n the pars nervosa The
discharge may be much less even than tlus according to
results recently reported by Denamur and Martinet (1953)
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These authors obtamed good milk ejection responses n
anaestheuzed goats receiving 1 mu  oxytocn intravenously
Maximal responses were gwven by 10 mu and, mn some am
mals, just detectable effects with only o 1 mu!

The latest and most convincing evidence of the ntervention
of a hormone of the neurohypophysis m the mulk ejection
reflex comes from experiments ving electnical
of the hypothalamus In the anaesthetized rabbit Cross and
Harns (1951, 1952) have shown that electrical stimulation of
the supraoptico hypophysial tract caused ejection of milk
from a cannulated teat duct Effects of stmilar magmtude,
measured with a manometer recording on a Lymograph,
could be ehated by the intravenous mjection of 200 mu
posterior pitwitary extract Rabbits 1 which electrolytic
lesions had previously been placed mn the supraoptico
hypophysial tract, so that the neurohypophyss distal to
the lesion had presumably degenerated, failed to exhubit the
rmlk-ejection reflex mn response to electrical stimulation of the
tract, nor could their litters obtamn sigmficant quantiies of
mlh 1n suckling tests The young could only withdraw mith
from these ammmals 1f 30~200 mu posterior prtuitary extract
were 1ntr ly mjected diately before suchling be
gan In those cases where subsequent histological exammnation
showed that the hypothalamc lesions had mussed the supra
optico hypophysial tract, suchling by the young or electrical
stmulation of the tract ehaited a normal mulk ejection
response The long latent period, which outlasts the stimulus
and the persistence of the effects after the sumulus has ceased
are good evidence that Cross and Harns were dealing with a
neuroendocnne mechamsm involving the neurohypophysis

Simlarly, Andersson (195fa) has evohed nulk gection
responses in unanacsthetized lactating ewes and goats by
electrical sumulation of hypothalamuc centres m or adjacent
to the supraoptic nucler Andersson concluded that these
resp were undoubtedly hor 11 diated b
they could be evohed dunng sacral anaesthesia or in denerv
ated udder halves Morcover, he showed that blood taken
from a goat immediately after electrical sumulation evoled a
prompt flow of milk from the cannulated teats of another
lactating animal on intravenous mjection This indicates that
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These authors obtamed good mulk ejection responses m
anaesthetized goats receving 1 mu oxytocin intrayenously
Maximal responses were given by 10 mu and, m some ant
mals just detectable effects with only o1 mu!

The latest and most convincing evidence of the intervention
of 2 hormone of the neurohypophysis m the mulk gection
reflex comes from experiments mvolving electnical stmulation
of the hypothalamus In the anaesthetized rabbit Gross and
Harns (1951 1952) have shown that electrzcal stumulation of
the supraoptico hypophysial tract caused ejection of mik
from a cannulated teat duct Effects of stmular magnitude,
measured with a manometer recording on a kymograph,
could be elicited by the itravenous mjection of 200 mu
posterior pituitary eatract Rabbits 1 which electrolytic
lesions had previously been placed 1n the supraoptico-
hypophysial tract, so that the neurohypophysis distal to
the lesion had presumably degenerated, faled to exhibit the
milk-gjection reflex in response to electrical sumulation of the
tract, nor could their htters obtain significant quantities of
mulk 1n suckling tests The young could only withdraw milk
from these antmals if 30200 mu posterior piturtary extract
were intravenously imjected immediately before suchling be
gan In those cases where subsequent histological examinaton
showed that the hypothalamic lestons had mussed the supra
optico hypophysial tract, suckling by the young or electnical
sumulation of the tract ehcited a normal mlk ejection
response The long latent pertod, which outlasts the stamulus
and the persistence of the effects after the stimulus has ceased
are good evidence that Cross and Harris were dealing with a
neuroendocrine mechamsm mvolving the neurohypophysts

Swnularly, Andersson (19514) has evoked mulk ¢jectron
resp m hetized lactating ewes and goats by
electrical stmulation of hypothalamuc centres m or adjacent
to the supraoptic nucler Andersson concluded that these
responses were undoubtedly hormonally mediated because
they could be evoked during sacral anaesthesia or in denerv-
ated udder halves Moreover, he showed that blood taken
from a goat immediately after electrical stimulation evoked a
prompt flow of mulk from the cannulated teats of another
lactating anumal on mtravenous mjection This indicates that
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the sumulation had caused the discharge of a milk-gjection
hormone 1nto the blood stream Anderssons cxperniments
were made by the techmque of Hess and Plate IV 6 shows
an \ ray picture of the electrodes m position m the bran of
one of lis goats

Eapenments on section of the pituitary stalk hasve not con
tnbuted much to our knowledge of the mulk ejection reflex
In cases where stalk scctioned ammals were found to rear
their young 1t 1s possible that the mulk gjection hormone came
from that part of the neurohypophysis proxunal to the pomt
of section This mught explain why the partunent neurohypo
physectomized ammals, described many years ago by Smuth
(1932) and by Houssay (1935), reared their young However
t our laboratory, Dr A T Cowie has found that postenor
Iob, d rats p fi 1 antenor lobe ussue
50 that secretion was mamntamned would not rear their young
unless mulk ejection was mduced two or three times daily
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Fig IV7  Growth curve of the ligter of a rat neurchypo-
FPhyscctomized (postenor lobectomy) on the 4th day of Jac
tauon and mjected three tumes daily with oxytoan (from
Coure unpublished results ated by Folley 1952)
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can be accounted for by its contanunation with oxytocin,
stated by the manufacturers (Parke, Davis & Co ) to amount
to no more than 5 %

Turner and Cooper (1941) suggested as alternatiye eaplana-
tions of their results erther that mulk ejection activity 15 a
property both of oaytocin and vasopressin or else that the
milk gjection hormone 15 a distinct and separate postenor
lobe principle Andersson (19518) however, attempted to
explain the discrepancy by assunung that a small amount of
oxytocie actiaaty 3s inherent mn vasopressm atself and that
oxytoac and mulk ejection actiities are related brological
properties of the same posterior pituitary hormone He sugges
ted that f after an injection of oxytocin or vasopressin equal
amounts of exther disappear from the blood in a given tme
the proportional destruction of the small amount of milk
¢lection activity associated with a relanvely large amount of
vasopressin would be less than of that associated with a
relatively small amount of oxytocin According to this view
the discrepancy anses from the fact that oaytocic actvity 1s
usually measured iz ptiro (by 1ts effect 1n eheiting contractions
of strips of uterus) while mulk ¢jection activity 15 measured
im mzo by a systermic response The results of Whittlestone
(1952) who found that various oxytocic preparations possess
nulk gjectton activity m proportion to their oxytocic actvities
while vasopressin preparations including du Vigneaud s
tughly punfied vasopressin polypeptide exhibited more milk
€Jection activaty than could be accounted for by their oxytocic
activities, suggest that some mulk ejection activity 15 inherent
nthe vasopressin molecule A simulfar conclusion foflows from
the work of Cross and van Dyke (1953) who studied the rtk
€jection activitics of du Vigneaud s hughly punfied oxytocic
and vasopressor polypeptides 1 the rabbit

I suggest that we need not attach undue importance to the
discrepancy between the mulk ejection and oxytocic activities
of P prep for the folk g reason Caon
(1939) has described a method for the assay of oxytocic
actvity depending on the fall in blood pressure of the anaes
thetised fowl When postenor pituitary extracts m which
Vasopressin predonunates are assayed by this method the
OXxytacic activities found are greater than are those given by
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by the injection of oxytocin thus allowing the young regular
suckling periods ( unpublished work of Cowre, 1951, cited by
Folley, 1952) Figure IV 7 illustrates hus results The black
points represent the growth curve of the young of a group of
control rats, the white arcles the growth curve of the litter
of a rat neurohypophysectomized on the fourth day of lacta
tion and thereafter given oxytocin three times daily The
vertical lines represent the amounts of milk obtamned by the
Iitter each day following the first injection of oxytoctn mto the
mother It will be seen that the young of the neurohypophy
sectomized rat grew at approximately the normal rate A
sigmficant point to be noted 1s the temporary, but immedsate,
cessation of growth of the young when oxytocin was withheld
from the mother on the gth day The elegant experiments of
Harns and Jacobsohn (1952) are also illummating 1n connec
tion with the effects of severance of the pituitary stalk upon
nulk gjection They showed that the mammae of hypophy
sectomized rats possessing functional anterior pituitary grafts,
that1s grafts mn which the hypophysial portal arrculation was
re established, contamned mulk but the ammals would only
rear their young 1if regularly injected with posterior piturtary
extract

It 15 evident from what has been said that the evidence for
the neuroendocrine regulation of mulk ejection by a pathway
mvolving activation of the posterior pituitary 1s now 1mpressive
1 amount and i sum convincng

NATURE OF THE MILK EJECTION HORMONE

Let us now consider the nature of the mulk ejection hor
mone

It has umformly been found that while both the oxytocic
and vasopressor fractions from posterior lobe cxtracts possess
milk gjection actiity, the oxytocic fraction 1s much more
active 1n this respect than the pressor fraction  Thus has given
rise to the behef, now held by most workers in the field that
the oxytocic principle 1s the natural mulk ¢jection hormone
However, the activity of the vasopressor preparation, Ptressin
has been found by Turner and Cooper (1941), Cross and Har
nis (1952) and Andersson (1g515) to be about 20 % of that of
the oxytocic preparation, Pitocin, which 1s much greater than
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the conventional method depending on the contraction of
uterine muscle 2 z2tro Thus du Vigneaud (1952) has reported
that the oxytocic activaty of his purtfied vasopressor polypeptt
de came out three umes larger by the clucken blood pressure
method than by the utermne muscle assay Coon thought 1t
possible that when present in encess, vasopressin may mier
fere with the uterine muscle response 1z zifro so that oaytocic
activities are underestimated by thesniitro techmque on the
other hand the results of Strahan and Waning (1954) indicate
that the cluchen blood pressure technque may over esumate
oxytocic actuvity m some arrcumstances The pomnt s that
available methods for oxytocin assay scem to be subject to
uncertainties at the present trme

In this connection assay values for highly punified oxytocun
and ADH vasopressin polypeptides given 1n their Table I by
van Dyke, Adamsons and Engel (1955) are of mterest, for 1n
the case of ADH vasopressin, assays based on the malk ejection
response 1n the rabbit and the depression of the blood pressure
n the fowl were m substantial agreement while a much
lower value was given by the rat uterus method, with
oaytocin, however 1dentical values were grven by all three
methods

The most reasonable explanation of the available evidence
seems to be that mulk ejection and oxytocic activities are
facets of the same biol 1 actvity ct istc of the
oxytocic polypeptide and that both activities are possessed 1
some smail degree by the vasopressor poly peptide also Itisun
Likely that vasopressin 1s the natural mulk ejection hormone
because Peeters and Coussens (1950) 1 the cow and Cross
(1950) 1n the rabbut found that the antidiuretic response 1
lactating ammals could be elicited by the injection of amounts
of posterior prtuttary extract too small to cause mulk ¢jection
Moreover, as previously pomted out nuld fright will inlbit
suckling antidiresss in lactating cows without blocking the
mulk gjection reflex (Peeters and Coussens 1950) Fnally 1n
the present connection 1t 1s worth noting that du Vigneaud,
Ressler, Swan, Roberts hatsoyanms and Gordon (1953) have
described the synthesis of a polypeptide possessing oxytocic
actvity and also the power to evoke mulk ejection
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THE EFFECTOR CONTRACTILE TISSUE OF THE MAMMARY GLAND

In conclusion, we will consider brefly the nature of the
effector contractile tissue of the mammary gland This aspect
of the milk ejection reflex has been considerably clanfied as a
result of recent work Many authors had until even quite
recently regarded smooth muscle tissue as the contractile
agent, which they had supposed, on rather madequate ev1
dence, to accur in the mammary gland 1 close association
with the mammary alveoh n sufficient abundance to play
an effect hysiol 1 role m sq g mulk from the
alveolar tissues Seven years ago, Richardson (194ga), n a
careful histological study of the mamma of the goat found,
however that quanutatwvely there 1s not nearly enough
smooth muscle tissue surrounding the lobules to be effective 1n
causing contraction of the alyveollindividually or of the lobules
as a whole

Earler hustologists had figured myoepithelial cells or

basket cells 1n close association with the mammary alveoh,
as cells of ectodermal ongin which by analogy wath smooth
muscle cells were assumed to be contractile However there
was subsequently some reluctance to accept these cells as the
effector contractile tissue because until Richardson (1949a)
had devised a satisfactory techmque for visualtsing them by
silver lmpregnation their morphological characteristics
quantitative distnibution and concentration had been vague

chardson s stuches, first on the goat {1949a) and later on the
human breast (1951} have however shown conclusively that
myoepithelial cells are present throughout the mamma n the
closest assocration wath the duct and alveolar epithelia They
Lie on the epithelial side of the basement membrane and their
hranchmg processes form a network over the stromal alveolar
surface — hence the appositeness of the name basket cells
Plate IV 8 for which, hke the remainder of the illustrations
m this chapter, I am mdebted to Mr k C Richardson
shows a thick section (100z) of ahveolar tissue from a goat
udder Thick sections are best for demonstrating myoepithel
m because fields can be chosen m which portions of the
Ahveolar walls are shown i surface view In this figure the
branchmg processes of the myoepithehal cells blackened
with silver are clearly visible Plate IV g shows part of the
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surface of one alveolus at 2 higher magmfication and grves an
excellent 1impression of the myoepithehal network with the
nucleus of one of the myoepithelial cells near the centre of the
field It 1s evident from these bnlliant photomcrographs of
Richardson that quantitatively these cells are sufficiently
abundant — much more so than had formerly been realized -
to qualify them for the collective role of effector organ in the
mulk ejection reflex The observations of Richardson on the
occurrence of myoepithelum n the mammary gland of the
goat and woman have ince been confirmed 1n the cat and
other species by Linzell (1952) It secms probable that the

smooth muscle” cells descnbed by Swanson and Turner
(1941) fifteen years ago 1n thin sections of mammary alveolar
tissue were mn reahty the myoepathelial cells of Richardson
which, as has been pointed out, can best be studied 1 thick
sections In thin sections 1t 1s only possible to see, as shown m
Plate IV 10 the branching processes of the myoepithelial
cells in cross section

As regards the probable role of these cells in the milk ¢jection

reflex, Richardson (19494) has shown they change thar
configuration when the alveoh collapse as a result of milling
This 15 1llustrated 1n Plate IV 11 The two upper pictures
show sections of alveolar tissue from the two halves of a goat
udder the left hand one being from an udder half fixedn a
condition of pre milling distension and the nght from an
udder half fixed m a collapsed condition just after nulking
out The change in shape and onentation of the myoepithehal
cells following mulling 1s clearly shown 1n the corresponding
photomucrographs set out beneath As a result of careful
study of these morphol 1 ct Ruchard (19494)
concluded that the myoepithehal cells assume an onentation
1n relation to the folds of the alveolar epithelum i the post
milking contracted ’ gland which 1s consistent with the view
that the wrinkling of the alveolar wall 1s due to their actve
contraction rather than with the wdea that they passively
conform to the contours of the alveoli as the latter collapsc
Mjyoepithelial cells also oceur 1n abundance next to the strom
al surface of the duct epithelium, in this case their contrac
tion would tend to widen and shorten the ducts thus reducing
the resistance to the passage of mulk and facihtating 1ts escape
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from the abveolar tssue Plate IV 12 shows a thack scetion
from a goat y gland which includes parts of the outer
wall of & rulk duct in susface view The longitudimal enenta
ton of the silver blackened myoepithehal cells 1 clearly seen
There can be httle doubt that the effector contracule ussue
of the mammary gland 15 the myocpithelum which must play
the major role m the actine expulsion of mulk from the alseolar
bssue though there the bty that v
effects may also play some part The endence though good
18 stilf only crrcumstantial, however and the matter cannot be
regarded as settfed beyond all possible doubt untl 1t s posmible
{0 devise a technique for observing directly 1 hving mammary
tusue, the contraction of the myoepithelum expenimentally
snduced A step towards this desirable end has recentdly been
made by Lanzell {1955) who has observed under the microsco
pe the contraction of mammary aleoh i the bymng mouse 1n
response to the focal applicanon of oxytoan and v asopressin
Preparations Richardson (19496) has pomnted out thar unul
more 1s hnown of thexr pharmacological responses nnervation
and other properties 1t seems desirable to continue to regard
the myoepithelial cells and smooth muscle of the mammary
gland as separate physiological entities
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CHAPTER V

THE BIOSYNTHESIS OF MILK FAT
AND ITS HORMONAL CONTROL

EARLIER THEORIES OF THE ORIGIN OF MILK FAT

Of the three major nulk constituents, casemn fat and lactose
most 15 50 far hknown about the biosynthests of mulk fat and
this chapter will be devoted to consideration of this topic The
mammary gland 1s very active 1n the synthesis of fat, so much
%0 that 1t 1s surprising that this tissue has until recently been
comparatively neglected by biochenusts nterested 1 lLipo
genesis* Nevertheless recent studies of fat synthesis n the
mammary gland have contributed matenally to our know
ledge of lipogenesis 1n general as I shall hope to show

Let us begin by discussing the various views that have been
held at different times about the nature of the precursors of
mulk fat which are brought to the mammary gland n the
blood Many years ago Meigs Blatherwick and Cary (191g)
advanced the theory that the precursor of nulk fat was the
phospholipid fraction of the blood lipids They pointed out that
this were true the lactating udder would take up more than
enough phospholipid phosphorus to provide the norganic
Phosphate of the mulk and they believed that their experimen
tal results constituted valid evidence for this theory since they
found that the Jugular blood of lactating cows contamed more
morgamie phosphate than the blood leaving the udder 1n the
mammary vein However, subsequent investigations (Lintzel
1984 Graham Jones and kay, 1936) 1n which the composition
Fartenal blood was compared with that of blood from the
Mammary vein of the lactating cow failed to provide evidence
of any uptake of phospholipid phosphorus by the udder and
morcover there was gencral agreement that artenal blood

* For that matter th
e same remarks apply equally to the synthesis of
Proten and carbohydrate PPy <4
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contamed more worganc phosphate than mammary vesous
blood The hypothess of Mesgs already thus contra mdicated
was finallv disproved by Aten and Hevesy (1938), who m one
of the earltest applications of radioactive phosphorus to bia
chemcal studics showed that the morgame phosphate of the
blood plasma was the direct precursor of the morgame phos
phate of the malk

Mcanwhile the e same arteno venous studies (Lantzel,
1934 Graham et al 1936, Maynard, McCay, Eths, Hodson
and Dawis, 1938} had shown that the only fraction of the
blood hipids which undergoes sigmificant dimuntution in passage
through the lactating udder 1 the neutral fat fraction, that 1s
the glycendes and possibly the cholestery} esters, and attention
accordingly became focussed on the blood glycendes as the
precursors of the milk glycendes

It 33 necessary at this Juncture to pomnt out that the glycende
structure of mulh fat extubits certain charactenstic features
which distingumsh 1t from fats found elsewhere 1n the anmmal
body 1be mulk glyccndes particularly of herbuorous am
mals, rontan consderable molar propornons of short chan
saturated fatty aads, G~C, , which are not found m ammal
depot fats It 3s clear that anv acceptable theory of the bw
synthesis of sl fat must account for the presence m mulk fat
of these short chamn acids and not unnaturally there has been
much speculation about their ongin

The theory that the mulk fat anscs diectly from the blood
glycerides, which has held the field until qunte recently, was
supported by two maim hines of evidence On the one hand was
the cvidence from arteno venous studies carned out on the
udder of the lactating cow which has already been mentioned
All these studies showed that there 15 an appreciable uptake of
neuiral blood fat by the lactaning bovine udder and somic
authors, notably Shaw and Petersen {1938}, havefurtherclaimed
that the uptake of blood fat 1s more than enough fo provide
the fat of the nulk These worhers were thus led to postulate
that some of the farty acids of the blood glycendes absorbed
by the udder were partially degraded by oxidative processe
im the lactating gland, the lung fatty acd frag L
representing the short chamn aads of the mulk glycersdes This
dea of the ongn of the rulk short cham fatty acids was
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harmony with the theory previously advanced from quite a
different viewpoint by Hilditch (rg37) whose arguments were
based on extensive and painstaking chemucal mvestigation of
the glycenide structure of mulk fat (see also Achaya and Hil
ditch, 1950) To discuss the outstanding work of Hilditch and
hus collaborators on the chemustry of milk fat in sufficient
detail to do justice to the way i which 1t has advanced this
branch of chemustry 1s outside the scope of this chapter All
that can be said 1n the lumted space avatlable 1s that these
studies revealed the existence of interesting relationships
between the proportion of the milk glycenides which contain
only sa2turated fatty acids and the proportion of saturated fatty
acds 1n the total acids relatonships which were of a type
charactenstic of mlk fats and animal depot fats alone among
natural fats Briefly Hilditch and his colleagues found that
wherever a short chain acyl residue occurred 1 a glycende
molecule from milk fat one would have expected to find an
olexc residue had the glycernide been a component of a body
fat These quantitative relationships led Hilditch to deduce that
long cha fatty acids particularly oleic acid present in the
blood glycenides are broken down in the udder by oxido
reduction processes thus giving mse to the short chain acids
of the mulk fat and also to the unsaturated fatty acids of the
Cyo~Cygsenes contaminga double bond mn the same position
as m oleic acid which occur 1n traces i cow s milk

Many observations in additton to the aforementioned
arterio venous differences i blood neutral fat across the mam
mary gland are 1n harmony with the theory of Hilditch Asan
example may be cited the decrease in the molar proporiton
of short chain acids m the mulk fat, accompanted by a con
comutant ancrease i the proportion of oleic acid caused by
manition (Smuth and Dastur, 1938) or by feeding cod Liver a1l
(Hilditch and Thompson, 1936} However none of the eviden
ce that the short chan acids of the mulk fat are formed by
oxdanve degradation of long chan acds ausmg from the
bleod glycendes 15 conclusive, although there 15 no reason to
challenge the concluston which follows from the arteno venous
studies that the lactating udder takes up appreciable quantities
of neutral fat from the blood Presumably some portion at
least of this blood fat gves rise to nulk fat and 1t seems erunent
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ly possible that a proportion of the mulk fatty acids, the magm

tude of which 1s at present unknown, enters the udder as such
from the blood However, the related queston whether
oxdative chamn shortening of acyl groups acquired 1n this
way 1s an important element in the fat metabolism of the udder
1s much more debatable n the hight of more recent evidence
which has directed attention to the outstanding 1mportance
of synthetic processes 1n this gland In this connection the
expeniments of Appel Bohm, Keil and Schiller (1947) with
synthetic fatty acids whose molecules contain odd numbers of
carbon atoms are of interest When such unnatural acids were
fed to lactaung sheep no fatty auds of odd number cham
length below C,; were found in the mlk fat which suggests
that chain shortening of naturil fattv acids below the 1o-
carbon stage probably does not occur to a sigmficant extent
1 the udder If so, then the short chain acids of mulk fat must
mainly anse by some process other than by degradauon of
long cham acids

SYNTHESIS OF FATTY ACIDS IN THE MAMMARY GLAND

In the last few years attention has been focussed on the
possibility that a large proportion of the mulk fatty aads are
formed by synthests from small molecules’ 1n the udder
aself The possibility that the conversion of carbohydrate to
fat can occur in the mammary gland was first suggested some
eighteen years ago by Graham Houchun Peterson and Turner
(1938) who studied the arterio venous differences in oaygen
and carbon dioxide across the udder of the lactaung goat and
obtained values for the udder respiratory quotient (R Q )
which were greater than umty An R Q greater than umty
35 usually taken to imply the synthesis of oxygen poor sub
stances such as fat from oxygen rich matenal such as carbo
hydrate These results were later confirmed by Remeke,
Stoneaspher and Turner (1941) who moreover found that
fasting decreased the R Q of the goat udder below umty
Since 1t was known from the previous work of Smith and
Dastur (1938) on the lactating cow that fasting senously
depletes the milk fat of 1ts short chain acds, Remeke ¢f af
deduced from their results that the short chamn aads arc
formed 1n the udder from carbohydrate
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In our laboratory we have shown that shices of mammary
gland from lactating rats, mice gumnea pigs and rabbits
respire actively 1n the presence of glucose as sole substrate and
extubitan R Q greater than umty (Folley and French, 1949)
Some of our mean values for the R Q of mammary slhces from
these species bated 1n a med glucose are
shown n Table V1 We interpreted these results as evidence
that the mammary tissue of these species 15 capable of effecting
net fat synthests from carbohydrate i utro The Table also

TasLe Vi

Respiratory metabolusm of lactating mammary gland
slces in presence of glucose (03 %)

(from Folley and French 1949)

—Qu RQ
lI;{Ouse i6o 194
at 93 153
Guinea pig go 117
Rabbue 66 145
Zhecp 39 0 gg
oat 46 []
Cow 35 o 8o

shows that by contrast with our findings with mammary tissue
Tom non ruminants we found that shees of lactating udder
tissue from sheep goats and cows exhibited relatively hittle
OXygen uptake n the presence of glucose alone and the R Q.
was below umty (Folley and French 1949 1950) This
suggests that though carbohydrate mught be a signtficant
substrate for fat synthesis 1 the mammary gland of non
Tumunants 1t probably plays very hittle part in the fatty acd
metabolism of the udder of rummants This concluston of s
Y6418 ago has been subsequently confirmed 1n our laboratory
!N experiments carned out 1n collaboration with Dr Judith H
Balmain and Dr R F Glascock 1n which mammary gland
shees were incubated wath 1sotopically labelled substrates
mcludimg glucose labelled uniformly with #¥C Measurements
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of the 1sotope content of the mixed fatty acids isolated from
the shees after incubation for three hours in a muxture of acetate
and glucose each labelled with a different 1s0tope (acetate

G and °H, glucose Q) have enabled us to draw conclusions
about the relative contrbutons of glucose and acetate carbon
to the fatty acids synthesized by the tissue during the expen-
ment (Balmam, Folley and Glascock, 1954) A summary of
our results relating to the utilization of glucose 1s given m
Table V 2, which shows that whereas, i the presence of a
muxture of acetate and glucose the latter cantributes about 6o
per cent of the carbon of the fatty acids synthesized by rat
mammary slices, 1n the case of sheep udder shices the contnibu

tion of glucose 1s neghgible amounting to no more than about

TasLe V2

Incorporation of glucose carbon tnto the faily oods
of lactating mammary gland shices ncubated with
C3HBCOONa + YC glucose

(from Balmain Folley and Glascock, 1954)

Glucose carbon per cent carbon
anmcorporated into of fatty atds
muixed fatty ands  synthesized dunng
of shces in 3 br expeniment coming

wg/100 mg from glucose
Rat 18 62
Sheep (¥4 3

3 per cent The conclusion that carbohydrate 15 not an 1m

portant source of fatty acids synthesized by the ruminant udder
doces not necessanily conflict with the high R Q found for the
udder of the rumumnant iz o for clearly the utihization of
acetate for fat synthesis could give nse to a high R Q since
acetate 15 Just as much an oxygen sich’ substance as carbohy

drate

The wmncorporation of glucose carbon nto the fatty acids of
srulh fat hs been studied m the lactaung mammary gland of
the rabbit 1 110 by Popyéh, Hunter and French (1953} They
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adnunstered glucose uniformly labelled with 14C to lactatng
rabbats and 1solated radioactive fatty acids from their nulk
Measurements of the speafic radioactivty of the volatle
fraction of the mulk fatty acids enabled them to conclude that
about 25 per cent of the carbon of the short chain fatty acids
arose from glucose during the six hours following the mjection
These findings are not in conflict with our experiments on rat
mammary gland shces
The concept that acetate 1s an important building umt for
fatty acid synthesis in the mammary gland has ansen only 1n
recent years Though 1t appears self evident today 1t was not
so eleven years ago when the idea first arose i our laboratory
In order to preserve a degree of historical perspective 1t may
be of nterest to recall the three considerations wiich may be
regarded as having gaven rise to this frmmtful idea The first was
the demonstration by Ruttenberg and Bloch (1945) and others
made possible by the use of acetate labelled first with deuterium
and later with 14C, that the hver will actively mncorporate
acetate mto fatty acid chains The second was the accumula
tion of evidence notably by the late Sir Joseph Barcroft and
hus school (see Elsden and Phillipson, 1948) that i the paunch
of ruminants microorganisms ferment dietary polysacchandes
yielding volatde fatty acids of which the most mmportant
quantitatively appears to be acetate It 15 now known that
much of the acetate so produced 1s absorbed mto the blood
stream gving rise to appreciable Jevels of acetate 1n the artenal
blood so that acetate ansing from digestion of food must be
reckoned an 1mportant metabolite mn the body of the rumunant
tly there 15 the fact established by the chemical work of
Hilditch and others that the mulk fat of ruminants 1s distin
gushed even among that of herbivorous ammals by a relat
vely lgh content of short cham acids This 1s shown in
Table V3 taken from Hilditch {1947), which gives the
Reichert Meuss] values for mlk fats of vanous species The
Rexchert Messl value 1s a measure of the steam volatile fatty
aads butync and caproic The last two of the above considera
tions taken together suggested to the present author and hus
colleagues (sec Malpress 1946) that the short chamn acids of
Timunant mulk might be formed by successive condensation
of acetate molecules and might therefore be regarded as
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TasLe V3
Short chan fatty acds (Cy Cs) 1 nulk fab of rarious speces
(from Halditeh, 1947)

Rechert Meuss! value

Ruminants
Cow 6
Buffalo 2%;:3 4
Sheep 23-33
Goat 20-29
Camel 164

Non Ruminants
Rabbit 161
Donkey 131
Horse 70
Cat 44
Mouse 29
Man 14-34
Pig 17
Dog 12

intermediate stages 1 the synthesis of long chain acids by
similar step wise condensation

The first efforts to obtan evidence 1n favour of this hypo
thesis of the origm of the short chain acids and thus to gamn
msight 1nto the mechanism of the formaton of nulk fat, were
not encouragmg  As mentioned previously fasting lowers the
proportion of short chain acids m the mulk fat of rumnants
Dr F H Malpress and I therefore felt that the fasted goat
mght be a suitable preparation with which to demonstrate 1
relationship between the acetate of the blood and the short
cham acids of mulk fat Accordingly, we admumstered sodium
acetate by slow mtravenous infusion to anaesthetized fasting
goats but were unable to detect any resuling mncrease in the
depleted short chamn acids of the mfk fat (sce Malpress, 1946)
Sinular negative results were reported by Mann and Shaw
(1947) and by McClymont (1951) 1n cxpenments mn which
large quanutics of acetate were admumstered often over
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prolonged penods, to fasted lactating cows either intraven
ously or by wmtraruminal infusion In view of the unequivocal
evidence obtained by other techmigy that the r
udder uses acetate for fatty acid synthesis, which will now be
discussed, the faslure of ths approach 1s difficult to understand
and has never been satisfactonly explaned

The first posttive evidence suggesting the utthzaton of
acetate for fatty acid synthesis 1 the mammary gland came
from respiratory measurements on mammary gland shces
carned out 1n collaboration with the late Dr T H French
1n our laboratory In these expeniments (Folley and French
1950}, the results of which are summanzed m Table V 4 we
found that lactaung udder shces from sheep, goats and rows

TanLe V4

Resprratory metabolsm of lactating mammary gland
shices in presence of acetate (002 M)

(from Folley and French 1950)

—Q, RQ

I}%:bbu 68 092

t 82
53 o

i}ltep 61 11y

oat 61 117

Cow 44 112

that 15 from ruminants respired actively withan R Q greater
than unity when incubated with acetate as sole substrate and
utilized considerable amounts of acetate On the other hand
2s the Table shows udder slices from non rummants appeared
10 be more or less mert to acetate smce with acetate as sole
bstrate the oxygen ption was relatively low and the
RQ lessthan umty We interpreted these findings as evidence
that ruminant udder tissue will effect net fat synthesis from
acetate i mtrp From these respiratory measurements a sharp
difference seemed to emerge between the metabohism e zitro
°fTHammary tissue from rumunants on the one hand and non
Tumunants on the other, the former could apparently synthe
size fat from acetate but not glucose while the latter utilized
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glucose but not acetate (by itself) for ipogenests The sstuation
15, howener, somewhat more comphicated than this Bioch and
Kramer (1948) found that glucose sumulates hipogenesis from
acetate in rat hver slices and 1 our laboratory we have demon
strated a sumlar phenomenon i mammary ussue Thusm the
presence of glucose, mammary gland sices from rats will
utbze acetate the R Q) 1n muntures of acetate and glucase
being at least as ngh as 1t 1s 1n presence of glucose alone
Sumlarly 1w mixtures of acetate and glucose, sheep udder
shicesshowa hugher R Q and acetate uptake than i presence
of acetate alone (Folley and French, 1gso)

All the conclusions drawn from respiratory measurements,
as Just outhned, were fater confirmed by experiments in which
mammary gland ghices were mcubated with labelled sub
strates and the mean 1sotope content of the mixed fatty acuds,
1solated from the shices at the end of the incubauon, deter
rned The results of our earher 1sotope expenments {Bal
mam Folley and Glascock 19524) m which we uscd [carboyy~
() acetate as labelled substrate are summanzed 1 Table
V 5 The results in this Table are expres ed as peafic activa
ties of the mixed fatty acads isolated from the shees as caleium

Taste Vg
Speaific actuaties (countsfmnfmg G} of calcium salts of muxed fatly

aceds sselated from lactating mammary gland shoes wcoubated with
CH, “COONa or CH, *COONa + glucose

(vesults from Balmain, Folley and Glascock, 19524)

RAT SHEEP
Expeniment Gluco.e Expenment Glucose
No — + No —_—
1 50 595t 1L 3334 9533
2 43 3,805 iR 3530 9,91¢
3 40 5886 2L 2,660 8975
4 50 3,532 2R 2948 10249
5 58 3,215 3L FRYT 8,068
6 40 1,069 3R 4,108 7 441
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salts after three hours mcubation They show that rat mam
mary gland mcorporated hardly any acetate carbon mto
the fatty acids when incubated with acetate as sole substrate
but there was considerable incorporation n presence of
glucose Udder shees from lactating sheep on the other hand
mcorporated considerable amounts of acetate carbon mto the
fatty acds when 1ncubated with acetate alone but here agamn
the incorporation was greatly mcreased when glucose was
present The mechamsm of the sumulatory effect of glucose
upon the uthization of acetate for lipogenests 1z 1re 15 not
clear even yet It has been suggested that glucose provides
a source of the energy which 1s necessary for lipogenesis to
proceed but this would hardly apply to sheep mammary
tssue which unlike rat mammary tissue can obtan energy
m the oudation of acetate
The question of the relative values of acetate and glucase
assources of carbon for ipogeness un the mammary gland 1s of
interest particularly m view of the species differences i mam
mary metabolism already touched upon In our subsequent
cxpenments therefore we have studied this question by m
cubaung mammary shces in mixtures of acetate and glucose
cach labelled with different 1sotopes {Balmawmn Folley and
ﬁlascock, 1954) The glucose was umformly labelled with
L C and the acetate was labelled 1 the carboxyl group with
Cand m the methyl group with radioactive hydrogen
(tuum) Our results are summansed i Table V 6 which
shows the abundance of cach 1sotope in the fatty acids 1solated
ffom the ussue These expenments have shown that rat
mammary shces mcorporate nto the fatty aads m three
hours abayt eight times as much glucose carbon as do sheep
udder shces On the other hand sheep udder shices incorporate
300ut s1x times as much of erther carbon atom of acetate
nto the fatty acids as do rat mammary gland shees Since the
Mammiary shees from both rat and sheep had substantally the
same fat content and the abundances of the 1sotopes 1 the
i“bstm:s are known, 1t 15 possible from these results to calcu
t?ztc the relative contnbutions of acetate and glucose carbon to
e fatty acids newly synthesized dunng the experument.
¢ caleulations, the results of which are given 1n Table
7 show that in the case of rat mammary gland roughly
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glucose but not acetate (by 1tself) for hpogenesis The situation
15 however, somewhat more complicated than this Bloch and
bramer (1348) found that glucose sumulates hipogeness from
acetate in rat hver shices and 1n our laboratory we have demon
strated a similar phenomenon in mammary tissue Thus in the
presence of glucose, mammary gland shees from rats will
utilze acetate, the R Q wm mnitures of acetate and glucose
bemng at least as ligh as it 15 m presence of glucose alone
Sidarly 1 nuxtures of acetate and glucose, sheep udder
shees show a hugher R Q) and acetate uptat e than i presence
of acetite alone (Folley and French, 1950)

All the conclusions drawn from respiratory measurements
as just outlned, were later confirmed by experiments 1 which
mammary gland skces were incubated with labelled sub
strates and the mean 1sotope content of the mixed fatty acids,
isolated trom the shces at the end of the mcubation deter
wuned The results of our earher 1sotope expenments (Bal
mun Tollev and Glascock, 19524) m which we used [earboxy~
1G] acetate as labelled substrate are summanzed in Table
V 5 Theresults in ths Table are expressed as speafic achn
ues of the mixed fatty acids 1solated from the shices as calcium

Tame Vs
Spectfs actwittes {countsfminfmg C) of calowum salts of muxed fatly

acids wolated from lactating mammary gland shees incubated with
CH; WCOONa or CH; “¥COONa +- glucose

(results from Balmain, Folley and Glascock, 1952a)

RAT SHEEP
Txpenment Glucase Expeniment Glucose
No -~ + No — +
1 50 5951 1L 3,334 9533
2 43 3,805 IR 3539 9,911
3 40 5 886 2L 2 660 8,975
4 50 3,532 2R 2,948 10249
5 58 3,215 3L 4,044 8068
6 40 1,069 3R 4108 7441
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salts after three hours incubation They show that rat mam
mary gland incorporated hardly any acetate carbon into
the fatty acids when mcubated with acetate as sole substrate
but there was considerable incorporation 1 presence of
glucose Udder shces from lactating sheep on the other hand,
ncorporated considerable amounts of acetate carbon into the
fatty acids when mcubated with acetate alone but here agam
the incorporation was greatly increased when glucose was
present The 1 of the stimulatory effect of glucose
upon the utilization of acetate for lipogenesis iz wtro 1s not
clear even yet It has been suggested that glucose provides
a source of the energy which 1s necessary for hpogenesis to
proceed but this would hardly apply to sheep mammary
tissue which unhke rat mammary tissue can obtan energy
from the oxidation of acctate
The question of the relative values of acetate and glucose
as sources of carbon for lipogenests in the mammary gland 15 of
interest particularly in view of the species differences 1n mam
mary metabolism already touched upon In our subsequent
expeniments therefore, we have studied this question by n
cubating mammary shces 1 muxtures of acetate and glucose
¢ach labelled wath different 1sotopes (Balmamn Folley and
Egscock, 1954) The glucose was umiformly labelled with
0 and the acetate was labelled 1n the carboxyl group with
and 1 the methyl group with radioactive hydrogen
(tl'mum) Our results are summansed in Table V 6 which
shows the abundance of each 1sotope 1n the fatty acids wolated
from the tssue These experiments have shown that rat
mammary shces mcorporate into the fatty acds i three
hours about eight times as much glucose carbon as do sheep
udder shices On the other hand sheep udder slices incorporate
about s1x times as much of either carbon atom of acetate
mto the fatty acids as do rat mammary gland slices Since the
::amm"lry slices from both rat and sheep had substantially the
su’é‘; fat content and the abundances of the 1sotopes 1 the
v t;latt:s are known 1t 1s possible from these results to calcu
the & € relative contnbutions of acetate and glucose carbon to
Th atty acids newly synthesized durning the expenment
ese calculations, the results of which are given 1 Table
7 show that in the case of rat mammary gland roughly




104 PHYSIOLOCY AND BIOCHEMISTRY OF LACTATION

equal contributions are made by acetate and glucose In the
case of sheep udder shices however, the result was quite
different since about g7 per cent of the carbon of the newly

TasLE V6

Relatize wncorporation of glucose and acetate carbon nto the fatty
acids of mammary gland shces from lactating rats and sheep
the substrales were C3H, ¥COO0Na + 19C glucose

(from Balmam, Folley and Glascoch, 1954)

Species Mean ]27;‘0

U (glucose carbon) counts{munfmg C
Rat 307 381 124 245 110 170 223(a) 3
Sheep | 384 174 225 247 358 316 28(b) 7
3H (asetate methyl carbon) counts/mnjmg
combustion water
Rat | 845 948 4171095 439 712 (733() | ¢
Sheep (421 405 501 502 451 502 464(a) 3
BQ (acetate carboxyl carbon) atoms per cent
EXCESS
Rat ooy oo5 - 006 - 004 | 0o055(b)
Sheep 0252 0249 0373 0378 0370 0320( 0324 (a)

w

9

Taste V7

Incorporation of substrate carbon inlo the fatly acids of lactating
mammary gland shces unlizing acelate and glucose

(from Balmain Folley and Glascock, 1954)
Acetate (13C)  Glucose (#C)

Rat 1r 18
Sheep 65 oz

The results are expressed as mg of substrate carbon 1n
corporated nto 100 mg fatty acsd carbon 1 3 br
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formed fatty acids came from acetate It thus appears that
rurunant mammary tissue differs from rat mammary tissue 1n
that 1t can only very slowly degrade glucose to the active
two carbon umt, acetyl coenzyme A, now believed to be the
form n which acetate cnters the pathway of lipogenesis or
ehe the hrebs cycle for oxdation This conclusion has

g 1mpl, , for D be and Glascock (1953)
m our Insttute have recently shown that sheep mammary
gland slices incubated with glucose labelled umiformly with
G can produce radioactive carbon dioxide which means that
sheep udder tssue can oudize glucose even when present
the mcubation medium as sole substrate Mammary tissue
may therefore be able to oxidize glucose by some pathway not
molving the glycolytic route and 1t seems hhely that the
direct glucose oxdation cycle (see Dichens, 1953 for review)
operates 1 the mammary gland Evidence 1n favour of this
suggestion for the rat mammary gland has recently been
reported by Glock and McLean (1954) and Abraham
Hirsch and Chathoff (1954)

The most conclusive evidence of the utilization of acetate
for the synthesis of milk fat 1n the ruminant udder comes from
€Xpenments carried out on lactating animals 1 vivo  Popjah
and Beeckmans (1950) admumstered deuterium or [carboxy—
HC] acetate to pregnant rabbits and showed that fat 1solated
from the mammary glands of these rabbits was 1n each case
Bsotopically labelled Much of the fat present i the mammary
gland 1n late pregnancy may well be depot fat or structural
lipdsbut the fact thatin collaboration with Dr Popjak we were
able to 1solate short cham fatty acids from the mammary
gland fat of Tus rabbuts shows that some synthesis of true milh
fat proceeds even before partunition (Popjak, Folley and
fﬂtnch 1950) Assays for 14C were carnied out on various
vactions of these acids with results that are shown mn Table
V8 It wil be seen that the short chamn acids were highly
fadicactive by companson wath the long chain acds and
porcover they were much more radioactive than the mixed
;“Y acuds 1solated from the liver fat These results permutted
three deductiong first that the short cham acids could not
ave anisen directly from the Iiver fatty acids and by implica

ton from fatty acids arculating in the blood, secondly, that
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TasLe V8

Speaific astivsires of the glycende fatly acuds from the mammae and
luers of rabbuts killed at the 28tk day of pregnancy after treatment
with CHy ¥CO0ONa

(from Popjak, Folley and French, 1949)

Specific activaty of fatty acids
ue X 107 8¥/mg C
Fatty acid fraction

Rablut no
10 13 15
Volatlle water-soluble 198 073 18 45
Volatile, water msoluble 148 072 13 6o
Non volatile 012 007 099
Liver fatty acids 0146 0183 058

they could not have been formed by the degradaton of long
chain acids of the mammary gland fat and thirdly, that they
probably arose by synthesis from acetate i the mammary
gland atself

In view of these interesting results 1t was decided to extend
this work ta a detailed study of the secretion of true nulk fat
1n the lactating rumnant Accordingly 5 mc [carboxy~YC]
acetate were mjected mtravenously 1nto a lactating goat and
mulk samples taken at frequent mtervals after the igjection
(Popjak, French and Folley, 1951) Glycende fatty acids were
wsolated from the xulk and separated snte four fractions
steant volatile acids, soluble 1n water, steam volatle acids,
msoluble 1 water non volatle saturated acids, non volatile
upsaturated acids The speafic acvity tme cunves for all
four fractions are shown 1 Figure V 1 It wall be seen that all
the curves showed maxima at 3—4 hr after the injection, but
the mean speafic activities of the two volaule fractions at
their maxuma were several times greater than those of the
two non volatde fractions Moreover the speatfic activities of
the fatty acids of the plasma fat were so much lower at all
pcnods of the cxpenment than those of any fraction of the
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Fig V1 Speafic actvity tiume curves of glycende
fatty acid fractions ssolated from the milk of a goat after
the intravenous mjection of 5 mc of [carboxy-1C] acet
ate (from Popydk Frenck and Folley 195t}

mlk fatty acids that they cannot be shown mn the same dia
gram These results showed that the synthesis of fatty acids
from acetate 1s of great mportance m the fat metabohsm of
the goat udder and morcover that the short chan acids must
anse by synthesis from 2 carbon umits within the udder rather
than by oudative degradation of long chamnacidsas postulated
by the theory of Hilditch Later Dr Popjak and hus colleagues
together with the late Dr T H French of our laboratory
continuation of this jomnt project solated ndividual fatty
aads from these crude fractions and by determunation of the
speafic radiactivities of these pure fatty acids and of mdiva
dual carbon atoms obtamed from the butyric caproic and
¢aprylhc acds by chenucal degradanon showed that chamn
elongation must take place by successive addition of two-carb
o0 umts to the carboxyl end of the fatty acid chain (Popjak
French Hunter and Martin 1951) Thus provided conclusive
tvidence 1n favour of our previous contention {see Folley and
French 1948 Folley, 1949) that the short chain acids of milk
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fat are intermediates 1 the synthesis of the long chamn acids
from small molecules Another important pomt emerged
from this chermcal work of Popjak ef al Figure V 2, for which
I am mdebted to Dr G Popjal, shows the mean specific
actiaties of all the saturated fatty acids, present 1n these mulk
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Fig V2 Speafic acuvity of mik fatty aads after
myection of 5 mc of {carbexy * C] acetate into a lactat
ing goat (figure constructed from the results of Popydk
French Hunter and Martin 1951)

samples, from butyric to stearic together wath that of the oleic
acd It will be noted that there 15 a sharp drop m speafic
activity between palmitic acd on the one hand and oletc and
stearic acids on the other, which suggests that the Cyg acads of
mulk fat, and probably all the higher ones, must be mamly
formed by some mechanism other than by synthesis in the
udder Tt seems likely that they anse chiefly from the blood
glycendes as suggested by the artenio venous differences
already mentioned Finally, the speaific actvities of the indivi-
dual carbon atoms of the caproic acd suggested that the
radioactive butyrate formed 1n the udder of the experimental
oat by condensation of two acetate molecules was continually

gxlut:d by a non wsotopic four carbon compound arising from
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theblood The blood fat of rumnants contans relatvely httle
butync acid but there are considerable amounts of 8 hydroay
butyrate present It thus seemed possible that the four carbon
compound which appears to serve as an additional substrate
for lipogenesis m the goat might be § hydroaybutyrate This
would agree with the fact that Shaw and knodt (1g41) have
observed arteno venous differences m g hydroaybutyrate
concentration amounting to about 2 5 mg/100 ml across the
lactating bovine udder However, Kletber Black Brown,
Luick  Baxter and Tolbert (1954) who injected butyrate
labelled with 4C mto lactating cows found that butyrate
carbon entered the milk fatty acids to a much smaller extent
than acetate carbon About 70 % of the butyrate carbon
entering the orgamic mulk constituents was found m lactose
and casein The utilization of acetate labelled with 14C for
fatty acid synthesss in the lactating mammary gland iz w20
has also been observed by Rletber, Smuth, Blach Brown and
Tolbert (1g952) 1n the cow and by Popjak, Hunter and French
(1953) 1n the rabbit
In summary then we can say that m rummants a propor
ton of the fatty acids of the milh glycendes 1s synthesized 1n the
udder from small molecules the precursors bemg mainly
acetate and perhaps § hydroaybutyrate It 1s probable that
most of the fatty acids up to and mcluding palmitic acid are
formed 1 this way while the oleic, stearic and higher acds
Probably arise mainly from the blood glycenides In the mam
marv gland of non ruminants, as exemplified by the rat and
rabbit a srular mechamism almost certainly obtaws save that
considerable quanuities of glucose carbon are also used for
Pogencsis Information on the proportton of the long chain
aads of rumunant mulk fat ansing from the blood glycendes
would be of great mterest It 1s being sought wmn this Institute
at the time of writing by Duncombe and Glascoch (1954) who
are feeding tritio steartc acid prepared by the tritiation of
cladic acid to lactating goats and cows Their latest prelim
Pary experiments (unpublished} indicate that some 20—30 %
of the long chain acids ongmate from the blood fatty acids
An interesting development n the study of the fatty acd
metabolism of 'y tissue 1s the d ration by Popjah
20d Tietz {1954) and later mn our laboratory by Terner (1954}
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that cell free homogenates of mammary gland will synchesize
fatty acids from acetate The former workers have now pre-
pared a soluble enzyme system from mammary tissue capable
of effecting this svnthesis and have shown that 1t 1s coenzyme
A dependant (Popjak and Tietz, 1955, Tietz and Popjah,

1955)
THE ORIGIN OF TH} GLYCGEROL OF THE MILK GLYCERIDES

So far we have only discussed the ongm of the fatty acds
of the mulk fat [he mammary gland, however, secretes
manly glycendes o that the source of the glycerol must also
be considered Though the lactating udder absorbs glycendes
from the blood the fact that 1t actively synthesizes fatty acds
suggests that 1t does not acquire all the glycerol 1t needs m the
form of glycenides Popjak Hunter and French (1953) m ther
experiments in which ¥C glucose was admmnistered to Jacta
tig rabbits found that the glveerol of the milk glycerides was
strongly labelled, 1ts speaific activity bemng about equal to
that of the mulk lactose They concluded that between 65 and
95 per cent of the glyceride glycerol was formed from glucose
1n the mammary gland during the six hours after the injection
The experiment of Popjak, French and Folley (1951), men
noned above, 1 which 5 mc of 4G Iabelled acetate were
jected 1nto a lactaung goat provided further evidence upon
tins question since the nuil lactose and glycende glycerol
became labelled Tigure V 3 shows the speafic activity tune
curves for lactose and glycende glycerol isolated from the
mulk of thus goat (Popjak, Glascock and Folley, 1952) It wall
be seen that the Iactose curve rses to a maximum and then
declines exponentially the glycerol curve remains below the
lactose curve unbl 1t in turn reaches its maximum at which
point 1t crosses the lactose curve Thusis precisely the relauon
ship which according to Zilversmut, Entenman and Fishler
(1943), should hold betwceen the curves for a reaction product,
1t this case the glycerol curve, and its immediate precursor,
1n this case the lactose cunve It 15 not suggested, however,
that Jactose 1s the actual precursor of glycero! it s much more
hibely that the immediate precursor of glycerol 1s glucose and
that under these conditions lactose and glucose arc i rapid
equilibnum so that the specific actuvies of the two sugars are
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Fig V3 Speafic acivity tume curves for lactose
and glycerol wsolated from the mulk of a goat which
had been imjected mtravenously with 5 mc of
{carboyy 1C] “acetate (from Popydk Glascock and
Folley 1952)

the same at any moment The results shown in the Figure
Suggest strongly that the conversion of glucose to glycerol
takes place not in the hver but m the mammary gland 1tself

HORMONAL CONTROL OF LIPOGENESIS IN THE MAMMARY GLAND

In conclusion let us discuss the hormonal control of lipo
genesis i the mammary gland We will begin wath insulin
ecause so far more work has been done on the role of msubin
u fatty acid synthesis than on that of any other hormone
Xperments on the hving ammal by Drury (1940) Stetten
and Boxer (1944) and others suggested that an mportant
action of msulin 15 to promote the formation of fat from
arbohydrate It follows that the hypoglycaemic action of
:;mﬂm mght partly be due to 1ts action m directing carbohy
wate along this pathway of metabolism Bloch and kramer
(1948) were the first to demonstrate a stimulatory effect of
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msuln on lipogenesis tn utre They found that rat liver shees
cubated with pyruvate and *C labelled acetate mcorpora-
ted more acetate carbon mnto the fatty acids in the presence of
wsuln than m 1ts absence Though these anthors could not
confirm these results m a different stram of rat, sumlar and
more convinang effects of wsulin on hpogenesss 1 rat liver
slices were later reported by Brady and Gunn (1950) As
our group has more than once pomted out, the outstanding
capabilities of y tssue for effecting net fat synthests
w ufro make st an emunently switable medum for studying
hpogenesis, and 1t 1 perhaps not surpnsing that we have been
able to demonstrate particularly clear cut even dramatic,
stimulatory effects of msulin an hpogenes:s m mammary gland
shees
In alt our work we have used mnsulin free from the hyper

glycaenuc factor which 15 present n many wmsuln prepara
uons and mught confuse the ssue We have found that if
mammary gland shees from rats in full lactation are mcubated
witha mixture of acetate and glucase, addition of msulin to the
medm marhedly sereases the R Q and also the uptale of
both acetate and glucase Some of our earher results (Balmam,
French and Folley, 1950) are shown m Table Vg With
glucose alone as substrate sinufar but somewhat smaller effects
were observed but wsulin had no amehorating effect on the

TasLe Vg

Effect of msuln added 1 vitro on the ullization of acetate and
glucose &y lactating mammary gland shices

(from Balman, French and Folley rgso)

Number Glucose Glucose 4 acctate
Addiron
of race T Qg RQ —Qn 9,4 RQ

Insubn 104 1ty 18 3134 46 =203

1

‘0 {(r5ufml)
Nomsuhn g2 17 157 105 -2 153
P ns ns <00l <00z <G00l <0001
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mdifference of rat mammary shces to acetate (Balmawn and
Folley 1951) The lowest concentrauon of msulin to gne
detectable effects was found to be in the neighbourhood of
2 mu ml (Balmam, Cox Folley and ‘McNaught 1g54)

We mterpreted these changes as indicating that insulin shmu

lates hpogenests from small molecules 1n rat mammary gland
shees That this mterpretation was justified was subsequently
shown m expenments 1n which mammary gland slices were
wcubated with labelled substrates Table V 10 shows results

Taete V10

Effect of insultn, added m vitro on lipogenesis 1 rat mar-mary gland
shices wncubated umth CCHPCOO Va + YC-glucose

{from Balmain, Folley and Glascock 1934)
Isotope content of calcum salts of muxed fatty aads

ter 3
ug g 1g
{mun/mg C " atoms per cent
combustion water excess
Control 381 95 0oy
Insulin 8o, 202 o014
(ro1u/ml)

from an experiment in which mammary gland shees from
lactating rats were mcubated with HC-glucose together with
[carbory BC-1{AH] (Balmam Folley and Glascock 1954
The results show that msulin increases the mcorporation of
glucose carbon and also of both carbons of acetate mto the
fatty acids of the shces

In companng these results with those obtamed with mam-
mary tissue from lactatng ewes mteresting species differences
are agamn apparent for we have never found any stmulatory
effects of msuln added  -wiro upon lipogenests m sheep
n2mmary tissue ether by resprratory methods (Balmamn and
Folley 1951) or by the use of isotoprcally labelled substrates
(Balmaw; Folley and Glascoch 1954) Results obtamned with
labelled substrates are shown 1n Table V 11 Udder shces

M lactating ewes were mcubated with acetate and glucose
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TarLr V11

Effect of wsulin, added 1 vitro, on lipogenesis in sheep udder shees
tncubated with C*H3PCOONa + 4C glucose

(from Balmamn Folley and Glascock, 1954)

Isotope content of calaum salts of mixed fatty aads

after 3 hr
130 I [EN
fmunfmg G /mun/mg  atoms per cent
combustion water excess
Control 225 s01% 037
Insulin
(ro1u/ml) 276 485% 033

* These values arc one half of those given for sheep udder half S5L1n
Table 7 of the oniginal paper (Balmain ¢f a! 1954) All the values of the
senes to which they belong were halved for melusion in Table 1 of the
onginal paper (reproduced in this book as Table V 6) 5o as to make them
comparsble with the values for the rat

labelled with different 1sotopes as before The results show
that 1n no case did insulin increase the abundance of any of
the 1s0topes 1 the fatty acids It will be recalled that we found
that whereas under these conditions rat mammary tissue
utihzes acetate and glucose to approxumately equal extents
for fatty acid synthesis, sheep udder shices use acetate almost
exclusively for this purpose and incorporate practically no
glucose It therefore scems reasonable to suggest that the effect
of msulin on hipogenesss 15 bound up with 1ts effect on some
metabolic system which 15 present 1n rat mammary tissue but
absent from the mammary tissue of the ewe In view of what
was said earlier 1t would seem that thus must be the system
whuch produces acetyl coenzyme A from glucose Qur results
m general are in harmony with the view that the effect of
msulm on lipogenests 1s exerted at some pont in the break-
down of glucose to acetyl coenzyme A rather than on the
utihzauon of acetyl coenzyme A for fatty acid synthesis

Tt 15 well known that the 11-0xygenated steroids secreted by
the adrenal cortex exert an anu nsulin cffect 1n certan re
spects The possibility that the adrenal cortex mught play a role
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1 the control of hpogenesis must therefore also be considered,
sice one might expect that adrenal steroids would exert an
opposite effect on lipogenesis to that of mnsubn  Evidence of
such antagomstic effects was provided by Brady Lukens and
Gunn (1951) who showed that pre treatment of rats with
cortisone decreased the incorporaton of labelled acetate
carbon mto the fatty acids of shces of thewr Iiners In our
laboratory we have studied the effects of vamous adrenal
sterowds added 1z wtro, on hpogenesis n lactating mammary
gland slices We have found that cortisone added to the
medium 1nhibits the incorporation of both acetate and glucose
carbon mto the fatty acids of rat mammary gland shees m
cubated with [Afe 3H] acetate and MC glucose When both
hormones were present cortisone partally inhibited the stumu
latory effect of insulin on hipogenesis (Balmam Folley and
Glascoch 19528) Results of 2 typical experiment allustratng
these facts are shown 1n Table V 12 In subsequent expen
ments (McNaught, Glascoch Balmam and Folley 1955)

Tasre V12

Effect of cortrsone and msulin on the wneorporation of SH and 14C nto
the mixed fatty acds of lactating rat mammary gland shees incubated
with C3H,CQONa -+ 14C glucose

{from Balmamn Folley and Glascock, 19526)

14C 1n the fatty aads  3H 1n the fatty acids

Addition counts/mn PET 6B counpsipn PET cent
ImgC control [mgH,0 mztrol
None 365 100 283 100
Cortisone 254 70 77 27
Insuln (0or 1u/ml) 795 218 430 152
Insubn {oor 1u/ml)
+cortisone {100 gg/ml) 383 105 118 42

similar inhibitory effects on Iipogenesis bave also been obtamned
with deoxycort and cor though these
steroids were more active than cortisone Different results
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were however given by cortisol (hydrocorusone) This steroid
at the same concentration, 100zg/ml, had no nhibitory
effect on hipogenesis, nor did 1t interfere wath the samulatory
action of insulin Smce there 15 some reason to believe that
cortisol may be the natural glucocorticoid secreted by the
adrenal cortex of the rat, the fact that we have found its
acuon on hipogenesis w w10 to be different from that of two
other glucocorticords, cortisone and corticosterone, is of
considerable mterest Sheep mammary gland shees once agan
have been found to behave differently from those of the rat,
this tume m respect of the effects of adrenal corticaids on
lipogenesis tn uiro as measured by the rate of mcorporation of
labelled acetate carbon nto fattv acids (McNavght ¢ al

1955) In sheep udder shees cortisone and cortisol at a concen

tration of 100 pg/ml have been found to exert no regular
effects on lipogenests either way, while corticosterone and
deoxycorticosterone 1n similar concentrations strongly inhubit
lipogenesis as thev do i rat mammary shees These results are
difficult to interpret at the present ime particulasly sinee the
concentrations used are some 1000 times greater than those

believed to occur in the blood stream, so that it 1s not yet
possible to draw firm conclusions about the role of the adrenal
cortex m the control of lipogenesis Clearly further worh 1s
needed upon this aspect of the subject
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CHAPTER VI

RECENT STUDIES OF THE BIOSYNTHESIS
OF LACTOSE AND MILK PROTEINS

THE ORIGIN OF THE LACTOSE OF MILk

Lactose, the carbohydrate of mlk 1s a disacchande glu
cose 4 8 gal de(4-O-~f-D-galactopyranosyl D glucopyr-
anose), the structural formula of which (« form) 1s shown m Fi
gure VI 1 Lactose 1s normally found nowhere 1n the body but
m the mammary gland Since 1t 1s not present in blood except

® cuyon

LACTOSE

Fg VI

when for one reason or another suckhng or nulhing have ceased
so that the gland 1s temporanly engorged wath mulk lactose
must be synthesized m the gland 1tself In view of its wmtrinsic
1nterest the problem of how lactose 1s formed has shmulated
the imagnation of many mvestigators but no unmersally
acceptable and final solution has yet been reached Recent
progress however encourages the hope that the resolution
of this seemungly simple yet baflling enigma will soon be
achieved
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There are two mam possibilities to consider Lactose may be
synthesized from small malecules, that 15 two or three carbon
units, or 1t may be made from preformed hexose units taken
from the blood It 1, of course, concewvable or perhaps even
probuble that the mammary gland may make lactose partly
from preformed hexose molecules and partly from smal
fer molecules With regard to the fir t possibality there 1s no
conclusive evidence that lactose synthesis from small molecules
cannot oceur to some extent in the lactaing gland Though
arterio venous studies on cows (Shaw, 1946} have provided
no evidence that the udder uuhzes blood lactic acid or pyru
vate which are the ¢ small molecular” precursors which come
first to ymnd, they have consistently revealed an uptake of
ammo aads (Graham, 1937, Shaw and Petersen 1938,
Remeke Peterson Houchin and Turner, 1939}, some fraction
of which, provided the mammary gland can carry out the
necessary deamination, could provide building umt, for
lactose synthesis The suggestion that biood amino acds
mght serve as substrates for lactose synthests was made niae
teen years ago by Graham (1937) However the mo t probable
role for anuno acds in the mammary gland 1s to serve s
matersal for the synthesis of mull protems and since, as we
shall sce later, 1t has been contended that the amno acd
uptake 15 msufficsent for this purpose, 1t eems unlikely that
there would be any to spare for lactose synthesis Furthermore,
as was pawnted out in Chapter 11, there 15 no good evidence
for the oceurrence of glue m the y gland
of any species other than the rat and mouse The possibilities
are not exhausted, however, since arterio venous studies on the
bovine udder have revealed uptahes of acetate (McClymont
1951) and B hydroxybutyrate (Shaw and Ruodt, 1941)
both of which could concesvably be built mte the carbon
sheleton of lactose Indeed a perfusion experiment carned
out by aur group n collaboration with Dr G Popydh of
London and Professors G Peeters and I Massart of Gent has
shown that the 1solated bovine udder can icorporate acctate
carbon nto lactose (Cowse, Duncombe, Folley, French,
Glascach, Maswart, Pecters and Popydk, 1951) We added
{earbog14C] acetate to the blood perfising a bovine udder-
half and were able 10 150late radiwacuve lactose from the mlth
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Thys suggests that the udder can synthesize some lactose from
small molecules but does not prove that a net synthesis of
carbohydrate from acetate 1s possible in the isolated udder
Apparently the udder incorporates acetate carbon into lac-
tose by some mechamsm other than oxidation followed by
fixation of the resulting carbon dioxide since lactose secreted
by the contralateral udder half, whnch was ssmultaneously
perfused with radioactive bicarbonate had no appreaable
radioactivity More recent work with the perfused bovine
udder carmed out by Dimant Snuth and Lardy (1953) strong
ly suggests that lactose 1s formed 1 the udder mamly from
preformed hexoses probably glucose They perfused a bovine
udder with blood contaimng 1 *¥C glucose and found that in
the glucose and galactose obtained by hydrolysis of the mll
lactose the radioactivity was i each case mainly confined to
the Cy, positson Since this eaperiment was carned out on
an 1solated udder the interpretation of the results was not
comphcated by redistnbution of the label resulting from
reactions 1 other tissues such as the lLiver

I venture tentatively to conclude that the experumental
evidence available at the present tume favours the view that
the mammary gland builds up lactose mainly from preformed
hexose units rather than from two or three carbon umts If
further work should prove this to be the case, there are two
principal possibilities to consider i this connection also These
concern the ongin of the galactose hall of the lactose
molecule

On the one hand we must enquire whether the mammary
gland uses preformed galactose which 1t obtains from the
blood and on the other we have to consider the alternative
possibihity that blood glucose 15 the sole precursor of lactose,
the galactose half of the lactose molecule bemg formed by
rearrangement of the glucose molecule 1n the mammary gland

The arterio venous studies of Remeke, Williamson and
Turner (1941) o0 lactating goats have indicated that there 1s
an appreciable arteno venous difference m plasma glyco
protemn across the lactating udder Now there 1s some evidence
that the protein bound carbohydrate of the glycoprotein
fracuon of the blood plasma protems consists apart from a

1 Tecul

¢ ponent of an eq plex of
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mannose and galactose (Friedmann, 1949), so that there 1s a
strong possibility that the udder may acquire galactose from
the blood We have, however, no quantitative mformation
about whether the amount of galactose taken up by the gland
in the form of protemn bound carbohydrate 15 suffictent to
account for the galactose moiety of the mulk lactose but a
priort 1t seems rather unlikely that this can be so A few years
ago, we found m our laboratory that mannose was the only
carbohydrate besides glucose of a large number tnied, which
ncreasedaboveendogenousvalues the oxy gen consumptionand
R Q of mammary gland shces from lactatmg rats (Folley and
French 1949) This suggested that glucose and mannose are
mterconvertible 1 the mammary gland from which st would
follow that mannose could be used for any purpose for which
the gland uses glucose This 1n turn led us to speculate upon
whether some proportion at least of the mlk lactose mught not
be formed by molecular rearrang n the ry gland
of the mannose galactose complex present 1n the plasma
glycoproten Malpress (1951), however later reported that
gumea pig mammary shices which would synthesize lactose
from glucose 2 t1tr0 would not form lactose mn presence of
mannose and so his results do not support this suggestion
As regards the alternative pomnt of view 1t can be said at
once that there 15 a considerable amount of evidence that the
mammary gland can synthesize lactose from glucose alone and
o this 1s so there seems to be no need to postulate any other
precursor for lactose than the glucose of the blood The idea
that the blood glucose 1s the precursor of the milk lactose 1s 2
comparatvely old one which m more recent imes has found
support mn the fact that in numerous studies marhed arterto
venous differences i blood glucose across the udders of
lactating goats or cows have invanably been observed More
over, 1t can be said that 1n general, procedures which lower
the blood sugar tend to decrease the nulk Jactose concentration
while procedures causing hyperglycacmia have the opposite
effect (sce Folley, 1910 for review) The best evidence 1 1ts
favour, however, comes from cxperniments on the synthesis of
lactose by mammary gland slices which were first successfully
carned out by Grant (1935) For the detection and estimation
of lactose Grant devised a differential fermentanion method
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mvolving the use of yeasts adapted to ferment lactose and
galactose and of we can accept Grants method as speafic
for lactose, we must conclude that he was able to demonstrate
a marhed synthesis of lactose by shces of guinea pig mammary
gland incubated with glucose as sole substrate Not only did
Grant thus show that guinea pig mammary gland could form
the galactose moiety of lactose from glucose but he obtamned
additional evidence that the provision of preformed galactose
15 not necessary, for he further showed (Grant 1936) that
addition of galactose to the medium did not increase the amount
of lactose synthesized from glucose Grant s results perhaps,
should not be regarded as conclusive proof that preformed
galactose 1s not essential since galactose nught be stored 1n the
tissue 1n the form of a polysacchanide In this connection it may
benoted that Caputto and Trucco (1952) reported the presence
of a polysacchande containmng glucose and galactose n
mammary gland extracts Later they identified one of the
carbohydrate complexes detected by them 1n mammary gland
extracts as lactose a2 pound of lactose and
neuramunic acid (Trucco and Caputto 1954) An essentially
simlar compound has also been 1dentified 1n mammary tissue
by Heyworth and Bacon (1954) A tetrose of the structure
glucose galactose N acetylglucosanune galactose has been 1so-
lated from human milk by kuhn Gauhe and Baer (1954)

‘Whether either of these substances 1s implicated m lactose
biosynthesis remains to be seen the possibility that a poly

sacchande contaming galactose 1s concerned 1 lactose forma

tion wall be referred to agaimn later on  Six years ago Malpress
and Mornson (1950) demonstrated the synthesis of lactose
from glucose by shices not only of guinea pig mammary gland,
but also (see Malpress 1951) of lactating goat udder Their
results are perhaps more conclusne than those of Grant
because they used a rather specific colonmetric method for
the determination of lactose Finally Rerthel Horowitz

Davidson and kattinger (1952) have succeeded, by the use of
UG glucose 1n demonstrating for the first time the synthesis
of Jactose from glucose in mammary gland homogenates By
means of Reithel’s techmque 1t should be possible to make

further progress m the study of intermediates 1n lactose
synthesss In fact, hus fater work (Kuttmger and Rethel 1953)
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suggests that a soluble protein extracted from guinea pig mam
mae will catalyze a trans glycoudation reaction, ving
glycogen or starch which yrelds lactose

Some further reasons for the belel that glucose is the man if
not the sole precursor of bath halves of the lactase molecule
may also be mentioned French Popjak and Malpress (1952}
fed 3C starch to Jactating rabbits and isolated lactose from
ther mulh They found that the mean speafic activity of the
whole lactose molecule and of the glucose and galactose
obtamed therefrom by acid hydrolysss were all sensibly the
same Thus led them to wfer that both halves of the galactose
molecule are formed equally from the same source, namely,
glucose Their results suggest that if other PIECursors are
wmnvolved to any appreciable extent they must first be con
verted to glucose A simular conclusion follows from the work
of Dimant Smuth and Lardy (1953) on the perfusion of the
bovine udder vath radiactive glucose alrcady mentioned,
for these worhers also found that the glucose and galactose
wsofated from the lactose formed during the perfusion had
equal specafic activines On the other hand Barry (19524}
who mjected radioactive glticose nto a lactating goat, found
that the speafic radioactrvity of the galactose 1solated from
the mulk lactose was measurably less than that of the corre
sponding glucose

The next question to discuss 1s the mechanism of the conver
ston of glucose to galactose These two fhexoses differ only m
the stenc configuration of the groups attached to Cyy , so that
all that 33 necessary to transform glucose to galactose 15 2
iValden ipversion at this carbon atom Nevertheless this
secrmingly stmple conversion 15 extremely difficult to effect by
chemucal means 1n the laboratory and has been reported only
once Some hght has been thrawn on this problem by studies
of the cony exse process the conversion of galactose to glucose
n adapted yeasts and also in the mammakan hver Leloir and
us collaborators {Trucco Caputto Lelor and Mittelman
1948, Caputto, Lelotr, Trucco Cardim and Paladimy, 1946,
Caputto, Leloi, Cardins and Paladuu, 5g50) m a scnes of
bnlhant investigatons have descnbed an enzyme system
n a yeast, Saccharompyces fragihs, adapted to ferment
hach will effect tius conversion The first step 15 the

present ¥
lactose, W
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phosphorylation of galactose at Cy) by an enzyme, galacto
kinase which catalyzes the transfer of phosphate from ATP
The « galactose 1 phosphate formed 1s then transformed to
a glucose 1 phosphate by an enzyme called galactowalden
ase  This enzyme requires a coenzyme which the Leloir
group has identfied as undme diphosphate glucose, a
substance which can be regarded as glucose 1 phosphate
combined with uridine § phosphate through a pyrophos
phate hnkage The relevance of this work to the lactose
problem 1s obvious Should the various steps in this enzymatic
conversion prove to be reversible and moreover if the enzyme
system were found m mammary tissue then we would have a
feasible route from glucose to galactose It 15 therefore, of
considerable interest that Caputto and Trucco (1952) have
reported the d of gal Id and 1ts ¢ n
mammary tissue and that the presence of the coenzyme 1n the
mammary gland has been confirmed by Rutter and Hansen
(1953) These interesting findings may mean that the mam
mary gland possesses the enzyme syster necessary to effect the
Walden 1mverston of glucose at Cyy

Results obtamned by Topper and Stetten (1g51) on the
conversion of galactose to glucose 1n the rat Liver may also be
relevant to the problem we are discussmg H O L' Fischer
(1944-5) had suggested that the cyclic hexitol L inositol
might be an intermedrite m the 1nterconversion of galactose
and glucose To test this possibility Topper and Stetten ad
mmistered 1 1G galactose to rats and isolated labelled glycogen
{from their ivers Chemical degradation of the glucose obtatned
by hydrolysts of this glycogen showed that the radicactivity
resided almost exclusively m Cyy, which excluded L-inositol
as an intermediate since 1t can be shown on theoretical grounds
that this route would yield glucose labelled at C(,; Though
the results do not entirely exclude the possibility that an
wsomer of L mositol muca mosttol 15 an wtermediate Topper
and Stetten (1951) wmterpret them as favounng the view that
the conversion of galactase to glucose 1n the liver proceeds by
direct epimenization at Gy, Koshland (1954) has discussed
this epimenization in terms of a single displacement mechamsm
which mught be confirmed by experiments with Q0 [abelled
water as follows
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The possibality was suggested by Malpress (sg51), that the
conversion of glucose to galactose mught proceed through the
cleavage of the glucose molecule to triose fragments which
undergo an aldol condensation 1n such a way as to give the
required cs configuration to the groups attached to Cyy) and
Ci The locahization 1 Cyy, of the radioactty of the
galactose obtamed from lactose secreted by the bovine
udder which Dimant, Smuth and Lardv (1g53) perfused with
1 %G glucose, 1s consistent with this hypothesis 11t be assumed
that mntercanversion of alde and heta trioses 15 prevented
some way for example if the first three carbon atoms of
glucose remamed attached to a coenzyme If there were 2
single three carbon intermediate there would be some redistr
bution of the radicactive carbon among other carbon atoms
of the galactose molccule However, the fact that glycogen
when synthesized n the bady from galictose . presence of
D O contans no more deuterium than when glucose 13 the
substrate (Stetten and klewn 1946) may be cited as evidence
agamnst an aldol type of cleavage

On the wholc, the evidence thus far available seems to
favour the suggestion that galactose 1s formed from glucose 1n
the mammary gland mawnly by direct epimerzation at Ceg,
though the possibility that the ¢ Ives the cleavag
of the hexose molecule followed by r t 10m, as suggested
by Malpress, 1s not entirely excluded The detection 1in mam
marv ussue by Caputto and Trucco (1gy2), of the cnzyme
system, well charactenzed i certain galactose adapted yeasts,
which can comvert galactose 1 phosphate to glucose 1 phos
phate, appears to prov ide the most suggestive carcumstantial
evidenice yet avalable that this mechamsm may play an
umportant role 1n the biosynthesis of lactose VMore positive
evidence will be necded however, before this conclusion can
be accepted, and the worh of Leloir (1951) suggests a possible
way 1 which further evidence might be sought Lelowr has
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7 bl

shown that an enzyme from S fragiis, pr
galactowaldenase, will reversibly transform undme diphos
phate glucose (UDPG) mto undimne diphosphate galactose
(UDPGal) so that an equilibrium 1s reached The reactions
were formulated by Leloir as follows

UDPG + Gal 1 P 2 UDPCal + G 1P (1)
UDPGal > UDPG (2)

Evidence 1 favour of this mechanism has since been provided
by Trucco (1954) who showed that G 15 mncorporated mnto
UDPG when this compound together with MC glucose 1
phosphate 1s incubated 1n presence of Saccharomyces fragilts
extract The reversibility of the transformation of galactose 1
phosphate to glucose 1 phosphate by extracts of Lactobacillus
bulgartcus has been shown by Hansen and Craine (1954) whle
other biological reactions which result 1 the formaton of
undine diphosphate galactose have been studied by Kalckar
Braganca, and Munch Petersen (1953) The findings of
Lelowr suggest that 1t would be 1ateresting to carry out expert
ments to find out 1f mammary gland extracts or homogenates
will effect the interconversion of uridine diphosphate glucose
and uridme diphosphate galactose If' such an interconversion
could be demonstrated 1n mammary gland preparations and
of further 1t could be shown that mammary gland extracts
contain an enzyme which will sphit off galactose or galactose
phosphate from uridine diphosphate galactose the evidence
for the participation of the galactowaldenase system 1n the
biosynthests of lactose would be strengthened Here would
seem to be a clear indication of a direction along which further
mvestigations rught be frurtful

Even if 1t can be shown expenimentally that the mammary
gland 15 capable of forming galactose or more probably
galactose 1 phosphate by simple epimenzation of glucose 1
Phosphate at Gy or by some other mechanism there remans
the problem of how the condensation of the two hexoses 15
effected Some years ago the writer suggested (Folley 1949)
that this condensation mught be brought about by a trans
glycosidation reaction analogous to that demonstrated by
Hassid Doudoroff and Barker (1944) for the formation of
sucrose 1n bactena and which Doudoroff (1945) suggested
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mght apply to sucrose formation 1n plants These authors
have demonstrated the abilitv of a bacteral phosphorylase to
catalysc the condensation of glucose 1 phosphate with fructose
to give sucrose It has since been shown that sucrose phosphory
lase will catalyse trans glycomdaton reacnons which do not
mvolve phosphate However 1t must be pomnted out that an
analogous mechamsm for the synthesis of lactose in the mam

mary gland would require that mammary tissue contams 4
phosphoryla e spectfic for § galactose 1 phosphate, that 1s an
enzyme capable of catalysmg the formation of the g galacto

sidic lmhage Moreover since the galactowaldenase system
appears to be concerned with the metabolism of « galacto e 1-
phosphate m order to complete the theoretical cheme we are
d1 cussing we may have to postulate the existence 1n the mam

mary glandof a mutase of a type hitherto unknown, namely one
capable of converting an o glycosidic hnkage into the § con

figuration Figure VI 2, which shows thus theoretical scheme

GLUCOSE
e
GLUCOSE -6 -P
[P
« GLUCOSE 1 ¢
e el
« GALALTOSE 1P
e

Fexolrase [+ ATP)
phosphoglucomutase
Salactowaldenase (+ YDPG)

7a p autase
GLUCOSE + p GALXCTOSE | ©
- ————

LACTOSE

? trans B galactasidase

Fig Viz

for the biosynthesis of lactose 1illustrates the pownts just dis
cussed and further shows that the encrgy necessary for the
formation of the giycosidic bond of lactose would come from
ATP Tt must be cmphasized that, however attractive thas
hypothesis mav be, apart from the detection of the galacto
1d system n y tissue, experumental cvxdcnc:l:
1 sts favour 1s laching chhcl,“Horomtz, D:mdLson ‘a.n‘

hattinger (1952), have synth £ galact

1 e Ly
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but could demonstrate no appreciable formation of lactose
from 1t when added to cell free mammary gland homogenates

A further theorctical possibility possessing advantages
which make it worthy of deration 1s that the
tion might mvolve phosphate esters of both glucose and galac
tose giving rise to a lactose phosphate which undergomng
ureversible dephosphorylauonasa finalstep would be contimu
ously removed from the reaction thus shifting the equili
brium over towards synthesis In this connection 1t 1sinteresting
to note that McGeown and Malpress (1952) have detected
by chromatograplic methods, the presence of a lactose
phosphate 1 mlk

Before leaving the subject of lactose 1t 1s worth while to
mention yet another speculation about 1ts mode of synthesis in
the mammary gland which has been put forward by Engel
hardt (1950) Doudoroff and O Neal (1945) descnibed a
reversible reaction, catalyzed by an enzyme isolated from
B subtilis, between glucose and a polysacchande levan which
15 built up of fructose residues This reaction which m one
direction gives a synthesis of levan, in the reverse direction
ytelds sucrose It 1s essentially a trans glycosidation reaction
Engelhardt s mteresting speculations concern the possibility
that lactose mght be formed by an analogous trans glycosida
ton reaction between glucose and 2 polysacchande built up of
galactose residues A polysacchartde composed of galactose
residues galactogen has been known for a long time but until
Tecently had only been found 1n the garden snail It bears
some resemblance to glycogen but on hydrolysis yields only
galactose which be 1t noted consists almost exclusively of the
B epimer  the form which exists n lactose The relevance of
galactogen to the problem of the biosynthests of lactose would
be small were 1t not for the fact that 1947 a galactogen
differing slightly m properties from the galactogen of the
snall was 1solated from lung tissue of the bull (Wolfrom
Weisblat Karabimos and Keller 1947) Since galactogen has
now been found m amimal tissues the question whether 1t
occurs 1 the mammary gland assumes some 1mportance As
far as the wnter knows no one has ever looked for galactogen
In mammary tissue but 1t would seem to be worth while to
examune this tissue for galactogen If 1t were found there the
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possibility that lactose could anse by a trans glycosdation
reaction analogous to the levan synthesss, as formulated
Figure VI g, would at once arse Galactogen would presuma

FRUCTOSE -+ FRUC — FRUC-FRUC~

+ cvan,
GLUCOSE

d Enzyme ( B sublikis)
SUCROSE
GALACTOSE — GAL— GAL—~

+ (Galactogen)
GLUCOSE

I ? Enzyme (mammary gland)
LACTOSE

Fig Vig

bly be formed from galactose 1 phosphate by the reversal of
phosphorolysis but here agan we encounter the problem of
the formation of the § galactoadic linkage

THE BIOSYNTHESIS OF MILK PROTEINS

Let us turn now to consider briefly some recent work on the
biosynthesis of the mulk protemns The proteins of milk consist
principaily of the phosphoprotem casem which occurs nowhere
but m milh together with relatively munor amounts of the
whey protemns which can be considered as consisting of two
mamn fractions, lactalbummn and lactoglobuln Al three
fractions are probably complex nuxtures of protems Since
the mammary gland 15 a site of acuve synthests of protemnitis
aswitable organ for studying the mechanism of protein synthesis
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and we may anucipate that useful advances in this difficult
field may well result from current studies on the mammary
gland imvolving the use of labelled amino acids

There seem to be four mamn possibilities to consider m
respect of the mechamsm of the biosynthesis of mulk proteins
Milk proten may be synthesized entirely from the ammo
aads of the circulating blood or partly from these and partly
from amuno acids ansing from the degradation of blood
plasma proten 1n the mammary gland Alternatively the
milk proteins mught anse from blood plasma protems by
rearrangement of peptide chamns involving transpeptidation
reactions or they may be derived only partly in this manner
and partly from blood ammno acads

Artenio venous studies carned out on the udders of lactating
cows and goats hase uniformly shown that there 1s an arterio
venous difference 1n plasma amino acids across the lactating
udder (Graham 1937 Shaw and Petersen 1938 Reineke
¢ al 1939) The uptahe 15, however, small and 1t has been
claimed, particularly by Shaw and Petersen (1938) that
quantitatis ely 1t 15 1nsufficient to account for more than 40-50
Per cent of the casern mitrogen of the mlk

It was principally because of the general acceptance of this
latter behef that attention was directed to the posstbility that
some of the plasma proteins mught be used by the udder for
the synthesis of mulk protemn Arterio venous studies carned
out by Reineke et af (1941) led them to the conclusion that
some fraction of the plasma protemn probably a globulin
fraction contaiung protein bound carbohydrate was utthzed
by the udder for the formation of mulk proten However if
Plasma proteins are the sole source of the mulk protems the
Question arises whether the rate of regeneration of whatever
fractions of the plasma protem are mvolved 15 sufficent to
make good the appreciable drain on them due to the secretion
from the body of considerable quantities of mulk protemn
Such evidence as 15 available renders 1t doubtful whether this
€an be so
b Recent worl, has directed attention once more to the posst
2ty that a substantial proportion of the mulk protemn 1f not
allof 1t 15 denyed from the blood amino acids In the first
Place Bouckaert Opyaert Peeters and Sterens (1953) have
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made mteresting studies of the utthzation of aming acds by
the perfused sselated udder of the cow Since in the course of
a perfusion fasting about two hours the blood would berecircul

ated through the udder at least ton times, they reasoned that
if milk proteins are formed from blood ammo acids 1t should
he possible to detect a i decrease sn the anuno sad
content of the perfusion blood during the course of the perfu

sion Using microbiological methods for the determination of
vanous free amino acids they found considerable dufferences m
the concentration of ten amino aads m the perfusion blood
between the beginmng and end of the perfusion (see Table
VI 1} The uptakes were usually most marked m the case of

T'asrz V11
Uplake of nine amuno acds by the perfused, ssolated bovine udder
(fram Bouchaert Oyaert Pecters and Sierens  1953)
Right udder half

| Left udder half
1 casaminoacids
Cone at {Boaddution to blood| 138 SR
__added 10 blood

Aminio acd ps:{!\:s:::n] Cone at | Uptake | Conc at] Uptahe
pgfml cn)\:l of | dunng l end of | during
ugml mg | pg/ml i mg
Histidine 252 | 186 672 | 42 ( 64
Isoleucme 123 - 96 324 410
Lcucine 195 ; 78 Ga 448
Lysmne 149 53 | 8o 173 | 544
AMetnomne 63 45 16 246 85
Phenylalanine | 109 105 32 102 8o
Threanine 93 63 24 381 16
Tryptophane 72 6 3 138 144
Valine 315 20 1 120 7% 336

those apuno acds which occur in the greatest concentration
s the casein molecule It therefore seems reasonable to con
clude that the disappearance of these anuno acids during the
perfusion must have been due to their absorption by the udder
This wiew 1s supported by the fact that the amounts of the
various amno acds absorbed by the udder dunng the per
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fuston were considerably increased by the addition of a
casem hydrolysate to the perfusion blood This work appears
to demonstrate that there 1s a selective uptake by the udder
of those amine acids which occur 1n the greatest amounts 1
casetn and provides good evidence that blood amino acids
must be rechoned as major precursors of milk protemn
Recent studies wath labelled anuno acids have also led to a
amilar conclusion  Barry (19528) njected [carbosy 4C]
lysme and [carboxy #C] tyrosme mto a lactatng goat and
measured the speaific radioactivities of these two ammno acids
ssolated from the casemn and from the plasma protens at
‘vanous times after the mjection He could thus compare ther
decay curves with those depicting the speaific radioactivities
of the free Iysine and tyrosine of the blood plasma The curves
forlysine, taken from Barry s paper, are shown in Figure VI 4

97000t O minuts

bo

oo ’(

® Casen Igsi e

@ Igsine of Hod plasma
© Plasma profain lysine

0800 3

w000

Specif ¢ activity of the carboxyl ¢

T 0 G 5
Hours after injection

Fig VI4 Radioactivity of the free lysine of plasma
plasma protemn lysine and of the casem lysine after an
injection of  C-lysine 1n a lactating goat (from Barry
1952)

Bt will be seen that the lysine 1solated from the casem of the
mulk was, for some hours following the myjection very much
more radioactive than the lysine of the plasma protem More



134 PHYSIOLOGY AND BIOCHEMISTRY OF LACTATION

over, the curves show that the radioactivity of the lysine of the
milk casemn at a gven time was equal to that of the free Iysine
of the blood plasma about 1} hours carher This suggests that
about 13 hours before a grven casein molecule was secreted
the muik all sts lysine had existed as free lysine 1n the blood
plasma The curves for tyrosine behaved simufarly to those for
lysine and it seems reasonable to conclude from these findings
that all the lysine and tyrosime of casein anses from the free
lysine and tyrasine of the blood at least i the goat Taken m
conjunction with the work of Peeters and lus colleagues on the
perfused bovine udder, Barry s results suggest that all the
essennal amino acds of casen are denved from the free
amno acds of the blood plasma

Essentially sumilar results for glveine, valine and lysine, ait
labelled with ¥C hase been obtamed by Campbell and Work
(1952} in experiments on lactating rabbits Here agamn the
radioactvity of the muh protews, following the injection of the
labelled amno acid was much higher than that of the blood
plasma protens They further showed that when labelled
plasma protems obtained by mjection of MG ghane mto a
rabbit were infused 1nto a second {factating) rabbit, the pro
tesns asolated from 1ts muk were not appreciably labelied
which alsa suggests that plasma proteins are not mportant
precursors of mitk protains That the protemns of mulk may not
be derived wholly from plasma amino acds was, however,
indicated by the fact that after mjection of ¥GC glyeine, HC-
valine and #C-lysing, these acids could be ssolated with
sigmficantly higher speafic acuvities from casen than from
the whey protens This suggested that the whey proteins
mmght be denved partly from pepude fragments of plasma
proteins a suggestion which 15 1o harmony with the de
tection by Morton (1950} of a transpeptdasc i cow udder
uissue However, 1t1s equally possible, as Campbelf and Work
pomt out, to explaw these results on the assumption that the
whey protemns are synthesized mainlv from the plasma amino
aad pool, but also, to small extent arise from plasma pro
tean In support of this interpretation was the later finding by
Askonas, Campbell, Humphrey and Work (1954) that immunc
globulm of rabbit mlk passes apparentlv unchanged from
blood to mulk, a finding wluch confirmed the suggestion made
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long ago by Crowther and Rasstrich (1916} Ashonas Camp
bell and Work (1g954) subsequently fractionated the whey
protens of the mulk of a goat injected with radioactive glyctne
vahne and lysine and found that, 1n the case of each acid, 1ts
speatfic acuvity at a given time after the mjection was the
same for casemn as for g lactoglobulin indicating that both
proteins were synthesized in the mammary gland from the
same amuno acid pool Thus finding, however, does not al
together preclude the possibihty that pre formed peptides
were used to an equal extent 1n the synthesis of these two
protewns That this 15 improbable 1s shown by a further series
of expertments i which Askonas Campbell Godin and Work
(1955) found that the *C labelled peptides obtamed by
partial hydrolysis of the casein and # lactoglobulin isolated
from goats mulk after mjection of radioactive glycine valne
and lysine contaned these amine acids labelled to the same
cxtent as 1 the whole proten This umform labelling of the
amino acids throughout the protemn chain suggests that casein
and # lactoglobulin are synthesized wholly from free amino
agds of the blood

In conclusion 1t 1s worth while considening bnefly what 1s
known about the ongin of the protem bound phosphorus
which 15 present m the casein molecule i the form of phos
phoserine The researches of Aten and Hevesy (1938) Barry
(19526) and of Colas, Le Bars Simonnet and Sternberg
(1950}, 1 which the radioactivities of vanous fractions of the
rulk phosphorus were studied after the injection of radioactive
Inorgamic phosphate mnto lactating cows and goats leaves
little room  for doubt that the precursor of the casemn phos
Pphorus 15 the organic phosphate of the blood Simonnet and
his colleagues however showed that radioactive inorgani
phosphate continued to be secreted i the nulk long after the
casen had ceased to be radicactive This led them to put
forward the view that phosphoserine 1s formed from a precur
sor which 15 stored in the mammary gland They suggest that
this precursor may be phosphopyruvate from which phos
Phoserine could be formed by transammation

It may be expected that further work on the mode of
formation of milk protemns which 15 11 progress in various
laboratorses may eventually provide evidence beanng on the
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nwval theories of the mechamsm of protein synthesis which are
at present bemg debated The question 15 whether protem
synthesis tahes place by the sunultaneous condensation of
amino aads at a “template  composed of nucleic acids, as
suggested by Dounce (1952), or whether the synthesis involves
the formation of peptide chains as intermedrates as postulated
by those who support the transpeptdation theory

Campbell and Work (1953) discussed the possible beanng of
some of their results on protemn synthesis 1 the mammary
gland on the idea that transpepudation can occur in this
organ Such an 1dea would be consistent wath the above

mentioned work of Morton (1950) and also with the results
of Greenbaum and Greenwood (1954) who have shown that
the cathepsin activity of rat mammary ussue mcreascs mar

Ledly dunng lactation It 15 possible that intra cellular cat

hepsins are catalysts mmvolved i transpeptidation
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