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Preface

This book had its genesis in the frustrations of the editors in locating
authoritative, up-to-date material for an interdisciplinary graduate course in
mammary gland biology, lactation, and breast-feeding. As we turned to the
original literature several reasons for the dearth of usable material became
clear: (1) In the areas of mammary gland biology and physiology, particularly
as they relate to the human, reviews simply have not kept up with current
research, which has in the last two decades provided tremendous insight into
the mechanisms of milk secretion and its control. (2) The lack of interest in
human milk as infant food inhibited researchers until very recently from
investigating human lactation. (3) Much of the relevant clinical information
remains anecdotal with little scientific basis.

In this book we have tried to present the fundamentals of mammary
gland physiology at the organismic and cellular levels in a form readily
understood by physicians, scientists, and other professionals. This basic
information is accompanied by authoritative reviews of the nutritional and
immunological properties of human milk and by clinically relevant chapters
designed to help health care professionals deal with the medical problems
of the breast-feeding mother and her infant. We have strived in these
chapters for up-to-date, authoritative, but readable accounts. In so far as
possible we have avoided areas where much of our understanding rests on
speculation. In the clinical domain this was not always possible because of a
lack of solid, scientific information about breast-feeding.

In dedicating this book to our families, we wish to express our appre-
ciation for their support throughout the seemingly endless task of writing
and editing these chapters. We would also like to thank George Tarver, Julie
Blish, and Pat Allen for their expert illustrations, Brian, Mike, and Dorothy
for manhandling the references, Joy Seacat for helping us get it all together
at the end, and Kirk Jensen of Plenum Press for his patient encouragement.

Margaret C. Neville

Marianne R. Neifert
Denver, Colorado
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An Introduction to Lactation and
Breast-Feeding

Margaret C. Neville and Marianne R. Neifert

An essential characteristic of mammals is the capacity of the female to nourish
her offspring with milk, the secretion of the mammary glands. This fluid
provides not only nutrients for physical growth but also both immune and
nonimmune elements for protection against disease and an opportunity for
interaction between newborn and mother which may, at least in higher
species of mammals, initiate the learning process necessary to the transition
to independent living. In this introductory chapter, we will begin by viewing
human lactation from an evolutionary standpoint. Two sections will then be
devoted to the historical development of our understanding of milk secretion
and its hormonal control. Finally, we will consider breast-feeding in its
historical context, a discussion which provides a perspective from which to

view the controversy over breast milk versus formula in underdeveloped
countries.

EVOLUTION AND LACTATION

The most primitive mammary glands appear in the egg-laying mammals,
the monotremes or protheria."? In these species, the glands consist of two
abdominal lobes, one on each side of the midline. Each lobe consists of a
collection of about 100 simple tubular glands or alveoli, each with its own
opening onto the abdominal wall. Each opening is associated with a hair
follicle from which grows a very stiff hair, an observation which led to the
erroneous idea that the young of monotremes lick the mammary secretion
from these hairs' rather than suckling. More careful observations by Griffiths®

Margaret C. Neville e Department of Physiology, University of Colorado School of Medicine,
Denver, Colorado 80262. Marianne R. Neifert ¢ Department of Pediatrics, University
of Colorado School of Medicine, Denver, Colorado 80262.
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4 Margaret C. Neville and Marianne R. Neifert

showed that echidna (or spiny anteaters, a frequently studied monotreme)
do indeed suckle*® and that the secretion of milk is probably associated with
a milk ejection reflex which can be elicited by oxytocin just as in placental
mammals.?

Although marsupials or metatheria are often regarded as more primitive
than eutherian mammals, recent studies make it quite clear that, at least in
so far as lactation is considered, they have attained the most sophisticated
development of all mammals.® In marsupials, the mammary glands, which
possess true teats, are usually situated in a pouch. The number of glands
varies from two to as many as 25 in some oppossums. In the kangaroo and
its smaller relative, the wallaby, the neonate emerges from the vaginal orifice
after about 26 days of gestation and crawls unaided to the pouch where it
attaches to one of four teats and begins to suckle continuously, receiving a
clear, watery secretion. It remains in the pouch through a period which
corresponds roughly to the latter portion of intrauterine gestation in euth-
erian mammals, e.g., about 200 days in the agile wallaby.” The nipple and
mammary gland grow along with the suckling young and the composition
of the mammary secretion changes markedly with growth.® Once the young
wallaby has left the pouch, it continues to suckle intermittently and a second
neonate is born which enters the pouch and attaches to a different, smaller
teat. The two young, at very different developmental stages, continue to
suckle on glands which are also at very different stages of development,
receiving milks of different compositions. Recent studies’ suggest that the
neural mechanisms which control letdown are highly developed, so that the
stimulation provided by the younger sibling brings about a continuous low
level of oxytocin release, sufficient to maintain the small mammary gland in
a contracted state for continuous delivery of milk. When the older sibling
sucks strongly on the larger teat, it is likely that oxytocin is released in a
bolus large enough to produce milk ejection from the larger gland. These
adaptations to suckle two young with quite different nutritional requirements
continue to fascinate scientists interested in lactation. It is likely that further
study of these mammals will provide much interesting information about
the interplay between the hormonal and local factors involved in the
regulation of mammary growth and secretion.

Although eutherian or true placental mammals do not appear to have
the subtle control mechanisms which allow kangaroos and wallabies to suckle
young of different ages, the mammary secretion is nevertheless of vital
importance in the nutrition of the newborn. The external form, number,
and position of the mammary glands vary widely between species as does
the composition of the milk. It is tempting to draw generalizations about the
relationship of milk composition to the metabolic requirements of the young,
the stage of lactation or the size of the animal.* Such generalizations by and
large do not withstand critical scrutiny, each species apparently having
developed a milk composition appropriate to the particular needs of its
young for growth.® There is, however, a general proportionality between
the concentrations of protein, calcium, and phosphate if one surveys the
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milks of many species,'® probably related to the need to supply these nutrients
for the proportional growth of skeletal mass and muscle.

Human lactation has developed several unique features. For example,
human milk has the lowest concentration of any milk examined to date of
protein, calcium, and phosphate and the highest concentration of lactose'!
perhaps reflecting both the relatively slow postuterine growth and the high
glucose requirement of the large human brain. In addition, the human breast
has a protuberant form which develops at puberty and persists in the
nonpregnant female. Although many breast-feeding advocates point out that
the form and location of the breast allows eye-to-eye contact between mother
and infant during the nursing process, the association of the breasts with
beauty and sexuality throughout literature and art cannot be denied. Even
surgeons have waxed eloquent; for example, Sir Astley Cooper wrote in the
early 19th century:'?

At puberty the mammary glands enlarge, and become prominent and the breasts
assume their roundness, intumescence and agreeable form, the beauty of which is
heightened by the rosy colour of the nipple and areola, and the meandering of
the veins under the firm snowy whiteness of the skin, giving it altogether a marbled
appearance.

Although the sexual significance of the breasts may be overemphasized in
our culture, it is likely that the role of the breasts in human reproduction is
not limited to the provision of nourishment to the infant. Rather the breasts
must participate in those mysterious attractions which bring a male and a
female together to form the complex web of attachments resulting first, in
the conception of an infant and then, under optimal conditions, in the
continuation of a familial relationship which provides a propitious environ-
ment for the nurture of the offspring.

HISTORICAL PERSPECTIVES ON MILK SECRETION

The anatomy and physiology of the mammary gland were first reviewed
by von Haller in 1765'* who concluded that milk was derived from blood, a
view disputed throughout the early 19th century by others who insisted on
either a uterine or a lymphatic origin for the mammary secretion. During
the first half of the 19th century, much effort was devoted to elucidation of
the gross morphology of the mammary gland. This work culminated in the
anatomical studies of the English surgeon, Sir Astley Cooper,'? on the human
breast, both normal and diseased. Cooper defined the lobuloalveolar structure
of the mammary gland, made detailed dissections of the blood supply and
innervation of the gland (Fig. 1) and described such physiological occurances
as the “draught” (letdown) and lactogenesis.

Although Cooper subscribed to the theory that milk was derived from
the blood, he was not quite willing to give up the idea of a connection
between the uterus and the mammary gland, proposing that blood was
shunted from the uterus to the mammary gland after birth by anastomoses
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Figure 1. The innervation and blood supply of the areolus. Dissection of the right-hand breast
showing that both the fourth and fifth mammary nerves contribute to the innervation of the
nipple in the human. (Etching from Sir Astley Cooper, The Anatomy and Diseases of the Breast, Lea
and Blanchard, Philadelphia, 1845.)

between the epigastric and mammary arteries under the control of the “grand
sympathetic nerve.” The idea of a connection between the uterus and
mammary gland is an old one. Leonardo da Vinci, in a drawing, shows the
uterus and mammary gland directly connected by a system of ducts.'*
Cowie'® pointed out that the theory of the uterine origin of milk persisted
much longer than might seem reasonable, possibly because nursing the infant
is often associated with uterine cramping, particularly in the early postpartum
period. The observation that milk letdown often accompanies orgasm in
lactating women probably also contributed to the belief.

In the second half of the 19th century, the light microscope was applied
to various preparations of the mammary gland and, with the rise of the cell
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theory, numerous hypotheses were put forward about the mechanism of
secretion.'® Milk was variously considered to be the product of holocrine
secretion (sloughing of entire cells), leukocytic infiltration (e.g., similar to
pus formation), apocrine secretion (breaking off of the portion of the cell
above the nucleus) or merocrine secretion (no cell destruction). Unfortu-
nately, the level of resolution of the light microscope was not sufficient to
resolve the argument which was compounded by the common view that milk
was secreted more rapidly during the draught or letdown reflex. This
problem was not resolved until the 1930s when Peterson'” showed by means
of pressure measurements in animals that mammary secretion was a contin-
uous process. Further, he and his colleagues were able to make a clear
distinction between milk secretion and the ejection of milk into the mammary
ducts. Only with the introduction of the electron microscope and the careful
tracing of the biochemical pathways involved has it been possible to clearly
delineate the cellular mechanisms of milk secretion. Because much of the
relevant work has only been completed within the past decade, many 19th
century ideas including the confounding of milk secretion and milk ejection
and the idea of apocrine secretion have persisted overlong in some of the
clinical literature.

HISTORICAL PERSPECTIVES ON THE HORMONAL CONTROL OF
LACTATION

The control of lactation has long been of interest to both biologists and
clinicians and many theories have been advanced, tested, and withdrawn
over past 200 years. Here we will be able to trace the development, and in
some cases, the demise of only some of the major concepts. Unlike the
mechanisms of milk secretion which are by now reasonably well understood,
our knowledge of the mechanisms by which hormones regulate the growth
and activities of the mammary gland is still evolving rapidly and major
advances in concepts can be expected within the present decade.

It was early recognized'® that the development of mammary function
can be divided into several distinct stages: (1) mammogenesis, the growth and
differentiation of mammary alveolar tissue, (2) lactogenesis, the onset of
copious milk secretion around parturition, (3) lactation, the continuing
production of milk, and (4) involution, the return of the mammary gland to
a less differentiated state at cessation of lactation. Once the difference
between milk secretion and ejection was clarified,!” the hormonal mechanisms
which control lactation itself were quickly elucidated, with prolactin being
found to control secretion and oxytocin to mediate letdown. Involution has
received relatively little attention. The regulation of both mammogenesis
and lactogenesis has been a source of confusion for many decades. The
picture which is currently emerging from studies at the cellular and molecular
level differs considerably from that often found in current textbooks. The
textbook ideas, developed prior to 1960, called for a central role for ovarian
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steroids in stimulating mammogenesis and for a prolactin surge which
stimulated lactogenesis. More recent work suggests that a predominant role
should be assigned to lactogenic peptides of pituitary and placental origin
in stimulating mammary growth with a postpartal fall in progesterone acting
as the trigger to lactogenesis.

Placenta versus Ovary in Mammary Development

It was only near the turn of this century that it became appreciated that
the development and function of the mammary glands were under the
control of “inner secretions”—as hormones were then termed. In 1905,
Halban'® published a classic set of observations on human pregnancy and
lactation from which he drew two extremely important conclusions: (1) Two
factors are secreted by the placenta during pregnancy; one stimulates
mammary growth; the second is inhibitory to secretion. (2) These placental
factors are similar to the ovarian factors which control the growth of the
breast at puberty. Had research during the next half-century been directed
more toward an understanding of the placental factors rather than the
ovarian hormones, an understanding of mammogenesis and lactogenesis
might have developed more quickly.

A role for ovarian secretions in mammary growth was suggested by the
observation that pseudopregnancy was accompanied by complete mammary
development and milk secretion in species like the dog and rabbit where
persistance of the corpus luteum follows sterile mating.'®?° Many studies in
the late 1920s, showing that mammary growth was produced by injection of
estrogen-containing extracts of ovaries, placentas, or urine,?! provided
further support for this idea. Relatively pure estrogens and progesterone
became available for experimental use during the 1930’s.2' By 1932, it was
clear in the rabbit, rat, and mouse that only ductile growth was stimulated
by estrogen and that both males and females responded to the hormone
with mammary growth. Progesterone alone had no effects on mammary
growth, but when used in conjunction with estrogens it was possible to obtain
full lobuloalveolar development. From these studies, carried out in many
species both in America®? and in England,?' the inference was made that
estrogen and progesterone directly stimulated mammary development in
pregnancy and the ovary was given a central role in the regulation of
mammary growth.

A Role for the Pituitary Gland

Meanwhile, a pituitary hormone which stimulated lactation was also
under investigation. Following the observation by Stricker and Grueter in
1928,?* that pituitary extracts produced milk secretion in pregnant rabbits,
Riddle, Bates, and Dykshorn®* prepared a purer extract that had the same
effect. They designated the active principle in their extract as “prolactin”
and showed it to have a separate identity from the other known pituitary
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hormones. The role of this hormone in the maintenance of lactation was
quickly established. However, because injection of prolactin generally did
not promote mammary development in virgin animals unless they had been
pretreated with estrogen and progesterone, it was not thought to promote
mammary growth. Nevertheless, the idea of a “pituitary mammogen” con-
tinued to be expressed from time to time. For example, in 1939, Turner??
suggested that the ovarian hormones exert their effect indirectly, their action
being mediated by the pituitary gland. The idea that steroid hormone action
could be mediated by pituitary hormones was given considerable support by
the work of Reece and Leonard®® who found that hypophysectomy prevented
the stimulation of mammary growth with estrogens and progesterone.
However, the injection of pituitary extracts or hormones into hypophysec-
tomized animals gave conflicting results, with many experimenters failing to
obtain mammary growth with these preparations.

The Hypothesis of Meites and Turner

The rather confusing observations of the 1930s finally culminated in
the hypothesis of Meites and Turner, first proposed in 1942%° and restated
in 194827 as follows:

1. In pregnancy, estrogen and progesterone promote full mammary growth,
the mammary gland is relatively insensitive to prolactin stimulation.

2. In pregnancy, progesterone inhibits estrogen stimulation of prolactin
secretion.

3. At parturition, an increase in circulating prolactin and cortisol and a
fall in estrogen and progesterone bring about the onset of lactation.

It is now clear that this hypothesis, although partially correct, presented
several problems: estrogen and progesterone in the absence of the pituitary
do not promote mammary growth, progesterone has little or no effect on
prolactin secretion even in the presence of estrogen, and the major trigger
to lactogenesis is now thought to be a fall in progesterone (see Chapter 4).
However, because this hypothesis served as a guide for much of the research
on the hormonal control of lactation for the next two decades, particularly
in the United States, it is necessary to discuss each of its tenets in somewhat
more detail.

As time passed, evidence began to accumulate that pituitary hormones
played a major role in mammary growth and development. For example,
estrogens and progesterone did not induce mammary growth in fully
hypophysectomized animals®® and studies of Elias*® and others?® in the late
1950s showed that insulin, cortisol, and prolactin were sufficient to maintain
differentiation of mammary tissue in vitro in the absence of sex steroids.
More direct experiments suggesting a positive role for pituitary hormones
were provided by Clifton and Furth®® who implanted a pituitary mammo-
tropic tumor secreting prolactin, growth hormone, and ACTH into adreno-
gonadectomized rats. They obtained good mammary growth in the complete
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absence of steroid hormones. Results of this nature finally led Meites to
conclude in 1966°! that “the anterior pituitary hormones are the primary
stimulators of mammary growth even in normal ‘physiological states.’”

In 1970, with the development of a radioimmunoassay capable of
measuring plasma prolactin levels, it finally became possible directly to test
the second part of the hypothesis of Meites and Turner. Chen and Meites®?
measured the effect of estrogen on prolactin secretion and found that
estrogen at all doses produced a significant increase in plasma prolactin
levels over the baseline. Progesterone partially inhibited the estrogen-stim-
ulated prolactin release but in no combination of dosages did progesterone
decrease prolactin secretion below the baseline. After these experiments, it
was no longer possible to conclude that ovarian steroids inhibited prolactin
secretion during pregnancy; on the contrary, the result made it quite clear
that a stimulation of prolactin secretion was one effect of increased levels of
estrogen and raised the possibility that this phenomenon accounted for the
ability of earlier workers to induce mammary development with estrogen
injections.

The validty of the third part of the hypothesis was brought into question
by an experiment of Kuhn®® who used the appearance of lactose in the
mammary glands of rats as a marker for lactogenesis. He found that
progesterone given around the time of parturition in pregnant rats prevented
the normally observed increase in lactose content and concluded from these
experiments that progesterone during pregnancy prevented secretion of
milk by the developing mammary gland. He proposed that the withdrawal
of this steroid at parturition brought about the changes associated with
lactogenesis. Evidence for this hypothesis is discussed fully in Chapter 4.
Because arguments based on the tenets of Meites and Turner persisted well
into the past decade, there is still much confusion in the literature about the
hormonal control of lactogenesis.

Multiple Hormonal Control

Evidence for multiple hormonal involvement in the induction of mam-
mary growth became available in the 1950s. Lyons** carried out extensive
experiments injecting replacement hormones into “triply operated” rats (rats
from which the ovaries, pituitary, and adrenal gland had been removed) and
was able to obtain ductile proliferation with the injection of estrogen,
desoxycorticosterone acetate, and growth hormone. Addition of progeste-
rone, prolactin, and prednisolone to this regimen produced the degree of
lobuloalveolar development typical of the late pregnant animal. Withdrawal
of all hormones except the corticoids and the use of local implants of prolactin
led to secretion of milk. Lyons** and Cowie®® obtained similar responses in
the goat. These types of ablation and replacement experiments led to pictures
of hormonal control like that shown in Fig. 2; almost every hormone known
was involved in mammary function with no definitive role assigned to any
one of them. Investigators are still working to replace this picture with an
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Figure 2. A scheme for the hormonal control of lactation proposed after ablation and replacement
experiments performed in the 1950s. (From reference 34. Used by permission.)

understanding of the precise role of each hormone in the regulation of
mammary development and function.

The Role of the Placenta

At this point, the story is nearly complete. However, we have neglected
the role of the placenta. This is primarily because endocrine function of this
organ, postulated by Halban in 1905,'® was not widely appreciated until the
1960s. An early experiment published in 1945 by Leonard,*® showing that
the placenta was essential for mammary growth in pregnant rats, was followed
by a report by Roy et al. in 195537 that the rat placenta possessed activity
similar to that of the pituitary lactogenic hormones. However the importance
of this factor was not generally realized until 1962 when Josimovieh and
Maclaren®® reported the discovery of a placental lactogen in extracts of
human placenta. They characterized this hormone, showing that it had
lactogenic activity similar to that of prolactin and that its polypeptide structure
was similar to that of both growth hormone and prolactin. Soon, studies
from many laboratories®® showed that a placental lactogen was present in
many, but not all, mammalian species and that it was distinct from pituitary
prolactin.

These findings set the stage for the elegant studies of hormone action
in the last decade which indicate a primary role for lactogenic hormones of
placental and pituitary origin in stimulating mammary growth and devel-
opment with steroids playing a modulatory role. These studies are discussed
in detail in Chapters 4, 5, and 6 of this book.
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Figure 3. An ancient Grecian nurs-
ing flask circa 300 B.C. (From the
Mead Johnson Collection of Pedia-
tric Antiques. Used by permission.)

HISTORICAL PERSPECTIVES ON BREAST-FEEDING

Successful lactation has been a requisite for survival of the species among
essentially all mammals, the single very recent exception being humans.
While the feeding of breast milk substitutes to human newborns has occurred
on a large scale for the past 50 years with apparent success, this brief
experience represents a tiny fraction of the approximately one million year
history of human lactation. This departure in infant feeding probably
represents the most important change in dietary habits of the world popu-
lation in the history of man and should be recognized as a relatively short-
term biologic experiment, whose long-term consequences are really unknown.

Historical Alternatives to Breast-Feeding

Although successful bottle feeding is a very recent phenomenon, attempts
to escape the biologic necessity to breast-feed date back to ancient times.
Since the beginning of recorded history, the search for a substitute to breast-
feeding has been documented, either mandated by maternal demise or
attempted because women declined for one reason or another to breast-feed.
Infant feeding vessels were found at infant burial sites dating as early as
2500 B.C. (Fig. 3).#°~*2 Their purpose was deduced by the presence of casein
deposits as well as written descriptions of their use in infant feeding. Although
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accounts exist of women selling their extra breast milk at the market, often
animal milk would be used for bottle feeding.

Prior to modern times, the most viable alternative to maternal breast-
feeding was wet-nursing, which flourished for many centuries. Hammurabi’s
Code (2250 B.C.) contains specific laws regulating wet nurses.*'*> Through
the ages, great care was taken in the selection of a wet nurse, since it was
common belief that the infant sucked out the qualities of the nurse.** Thus,
Michelangelo, who was nursed by a stone cutter’s wife, is said to have claimed:
“With my mother’s milk, I sucked in the hammer and chisels I used for my
statues.”*? Elaborate descriptions of the ideal wet nurse abounded, such as
this one from the Renaissance Period:

The best wet nurse . . . should be not younger than twenty years and at twenty-
five she is at her best. Her own child should be over six weeks old. It is best when
she has suckled two or three other children . . . She should be well built; her face
healthy in appearance, tanned; and she should have a strong thick neck, strong
broad breasts, not too fat and not too thin, but preferably well formed and fleshy
and that do not hang down, not too small but average good size. The wet nurse
should have praiseworthy habits . . .**

Not surprisingly, the ideal wet nurse seldom existed, and when she did, her
fees were exorbitant. A conflict often arose because the wet nurse was high
in the servant hierarchy but low in social origin and was often linked with
immorality and prostitution or was infected with tuberculosis or syphilis.
Some wet nurses were known to take far too many infants, few of whom
ever returned to their parents.**45:4¢

A typical outcome of corrupt wet-nursing was the experience of Elizabeth
Clinton, the Dowager Countess of Lincoln, who had 18 children, all of whom
were wet-nursed, and only one of whom survived. In 1662, she wrote a
pamphlet urging other mothers to nurse their children.*! Physicians also
spoke out against mothers who refused to nurse. Among these, Walter Harris
(1647-1732), outstanding pediatrician of his century, regretted that so many
“Ladies of Quality” do not nurse their babies in order that they may have
“more Time to dress, receive and pay Visits, attend public Shews and spend
the Night at their beloved Cards.”*

In the absence of a suitable wet nurse, “dry nursing,” the use of nonmilk
feedings was in common use in foundling hospitals and “baby farms” during
the 17th and 18th centuries, when infant abandonment was widespread.
Pap, or panada, was made by mixing flour, rice, and barley or biscuits with
water and butter. “Sugar sops,” bread soaked in sugar water, and other
nonnutritive mixtures were also used. Needless to say, such diets were almost
universally fatal, and by the end of the 18th century were generally
condemned for infant feeding.*24%47:48

The Decline of Breast-Feeding

While the dramatic decline of breast-feeding is considered to be a 20th
century phenomenon, there are reports that breast-feeding by the infant’s
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own mother was rare in several major European cities in the 18th century.*!
Thus, Benjamin Franklin commented in a letter to a friend:

A Surgeon I met with here excused the Women of Paris by saying, seriously, that
they could not give suck ... He ... bade me look at them and observe how flat
they were on the Breast; “they have nothing more there,” said he, “than I have
upon the Back of my hand” . .. I have since thought that there might be some
Truth in his Observation, and that, possibly, Nature, finding they made no use of
Bubbies, has left off giving them any.*®

The rapid urbanization brought about by the Iridustrial Revolution after
1850 led to dramatic changes in lifestyle including widespread employment
of women in industry, changes in women’s status and role, break-down in
the traditional extended family support system, and impoverished circum-
stances of the poorly educated, new urban masses. These factors contributed
to progressively increasing artificial feeding, and high infant mortality rates
persisted, primarily due to the unreliability of cow’s milk. Adulteration of
the milk was common, and disease was rampant in cows housed in cities.
Without refrigeration and with highly contaminated milk which was unpro-
cessed, “summer diarrhea” resulted in frequent infant death.>°

A number of major advances occurred within the 40 year period from
1880 to 1920 that made artificial feeding both economically feasible and
reasonably safe for infants. Included among these were®':

Appearance of glass bottles and, more importantly, rubber nipples
Availability of evaporated milk capable of shelf storage

Provision of sanitary water supplies

Demonstration that pasteurization of milk kills pathogenic organisms
Introduction of icebox refrigeration

Recognition that cod liver oil prevents rickets

o Gt Lo

By the early 20th century, the cooperation of the cow and ingenuity of man
had combined to create an acceptable alternative to breast-feeding. Women’s
desires for further social, political, and sexual freedom, the increased
emphasis on the breast as an erotic organ, and the expanding scientific
interest in the regulation of infant feeding combined to promote artificial
feeding in the United States and Western Europe.®?

In 1911, 58% of American infants were still nursing at 1 year of age,*
whereas by 1946, only 38% of infants were solely breast-fed at the time of
hospital discharge. By 1966, this number had fallen to 18%.°* Diminishing
emphasis on breast-feeding was provided in medical training, while formula
feeding was elaborated in detail. Despite professional concensus that human
milk was superior nutrition, formulas were genuinely believed to be nearly
comparable and professionals lacked skills in providing practical advice about
breast-feeding. The tight control over infant feeding which formulas pro-
vided the medical profession was in keeping with the growing control
exhibited in all facets of the hospital-based birthing experience.

A general increase in motivation toward breast-feeding has been evident
for over a decade in Northern America, Western Europe, and Australia.
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The better-educated, more affluent women who previously were the first to
abandon breast-feeding are now leading the trend back to nursing. Mean-
while, the more disadvantaged mothers who lagged behind in the move to
bottle feeding now are the least likely to initiate breast-feeding. Breast-
feeding among Mexican Americans declined during the 1970s and black
mothers are one-third as likely to nurse as white.*®

Third-World Issues in Breast-Feeding

While the return to breast-feeding in developed countries is gratifying,
Third-World nations are witnessing a recent, rapid, and alarming decline in
breast-feeding, primarily over the past two decades. Reflecting the past
pattern in industrialized nations, “modernized” women in urban areas who
are better educated and economically advantaged are least likely to breast-
feed. “Transitional” mothers, newly migrated to the urban areas and generally
of low income, are demonstrating a decline in breast-feeding, whereas
“traditional” mothers in the rural areas are tending to maintain their usual
breast-feeding patterns.’®°®-58 Countries where modernization started ear-
lier such as the Phillippines, Mexico, Chile, and Maylasia have generally
lower breast-feeding rates than more underdeveloped rural areas, such as
Nigeria or Zaire.?8-%!

The cost in economic terms and in human life and morbidity is enormous.
One hundred million infants are born in the developing countries each year,
10 million of whom die before their first birthday. Five million of these
succumb to diarrhea and dehydration, and one million of the infant deaths
have been attributed directly to contaminated infant formula.®? In broader
terms, it is estimated that there are 10 million cases of severe protein—calorie
malnutrition in the third world annually, half or more that could be protected
wholly or in part by breast-feeding from adequately nourished mothers.
Another 5 million are thought to suffer from diarrhea associated with bottle
feeding, making approximately 10 million children harmed by inadequate
lactation, with an annual medical expenditure of one billion dollars and a
potential loss of three million lives.5?

In the developing countries where poverty is the rule, polluted water
sources are ubiquitous and infectious diseases are prevalent, bottle feeding
can be a highly dangerous source of infection. Further, formula is often
prohibitively expensive so that inadequate amounts are fed. The purchase
of formula in adequate amounts to feed a 4-month-old infant would require
half or more of the average monthly family income in many impoverished
areas.®®%* Illiteracy precludes accurate knowledge of formula preparation.
Stoves, refrigerators, and even clean running water are rare luxuries. Most
bottle feeding mothers own a single bottle and nipple, without even a bottle
brush. For the majority of infants, formula feeding in underdeveloped
countries is synonomous with diluting powdered formula to a fraction of the
correct proportion with contaminated water.
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While the cause of the decline in breast-feeding has not been adequately
studied, a combination of factors are thought to contribute: modernization
and urbanization; mothers working away from home; changing cultural
attitudes including mimicry of the life-style of the Western world; disruption
of extended families reducing the support available to nursing mothers;
insufficient knowledge and empbhasis by health workers; maternal malnutri-

tion leading to lactation insufficiency; and aggressive marketing of infant
formula.5257:58

World Health Organization International Code on Marketing Breast Milk
Substitutes

The issue of formula in the Third World has received international
attention, beginning in 1974 when British and Swiss activists condemned the
advertising practices of the infant-formula industry in a series of public
statements. In the United States, the National Council of Churches Interfaith
Center on Corporate Responsibility and the Infant Formula Action Coalition
(INFACT) mounted an effective public awareness campaign that included a
consumer boycott of Nestlé products. Congressional committees held hearings
on various aspects of the problem, the most comprehensive being those of
the Senate Subcommittee on Health and Scientific Research, chaired by
Senator Kennedy in 1978.

An international code for marketing infant formula and other breast
milk substitutes, suggested at a joint WHO/UNICEF meeting on Infant and
Child Feeding in 1979, received endorsement by the World Health Assembly
in 1980. The executive board of WHO recommended a draft code to the
34th World Health Assembly in May, 1981 for adoption. The substance of
the Code was: to restrict advertising of breast milk substitutes directly to the
public; to forbid personnel paid by manufacturers or distributers of breast
milk substitutes from working in the health care system; to prevent samples
of infant formula from being given to new mothers unless their infants must
be fed on breast milk substitutes for health reasons; to eliminate inducements
to health professionals to promote commercial products; to require formula
products to contain the necessary information about the appropriate use of
the product and the superiority of breast milk; and to promote breast-
feeding through adequate information and education.*

The United States cast the sole negative ballot among 119 nations
gathered at the United Nations forum in Geneva, leading to a widespread
public outcry. By mid-June, both houses of Congress had passed resolutions
by lopsided margins condemning the American position. The American
Academy of Pediatrics took a neutral stand on the issue, whereas the
Ambulatory Pediatric Association supported the Code. Health professionals

* The WHO International Code for Marketing of Breastmilk Substitutes is available in a number
of languages from: Regional Office for Europe, World Health Organization, Scherfigsvej 8,
2100 Copenhagen, Denmark.
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opposing the Code claim that the assumption has not been substantiated that
marketing practices for infant formula are a significant factor in the decline
of breast-feeding in the Third World or elsewhere.®®% They pointed out
that breast-feeding is actually increasing in the United States where formula
is given free to hospitals and mothers at discharge and infant formula is
energetically promoted by its manufacturers. Conversely, in Communist
Russia and China, where free enterprise marketing techniques do not exist,
breast-feeding is declining.®” Opponents of the Code feel that the World
Health Organization has attacked a single, less important issue in the decline
of breast-feeding in the Third World, and that it will do little to foster breast-
feeding, while conceivably encouraging the use of more contaminated and
less adequate breast milk substitutes.®%-%9

On the other hand, supporters of the Code insist that marketing of
formula does influence maternal practice. In 1977, in Papua, New Guinea,
promotion of infant formula was banned and feeding bottles could be
obtained only by prescription from health workers. Breast-feeding increased
from 65% to 88%. Mothers in St. Vincent who recalled advertised brand
names were found to be more likely to supplement breast-feeding with
commercial infant foods and to wean their infants at an earlier age.”® A
recent randomized controlled clinical trial of the effect of distribution of
free samples of formula in newborn nurseries conducted in Montreal showed
more women who had received formula samples to have stopped breast-
feeding by 1 month postpartum.”” The Code is viewed by its supporters as
addressing a specific factor with a negative impact on breast-feeding, but
does not obviate the need for massive social action against poverty, illiteracy,
lack of sanitation, and maternal malnutrition.

Future Implications

The widespread publicity received by the Code has been valuable in
focusing international attention on the decline of breast-feeding in developing
nations. It should not obscure the fact that this is a multifaceted issue.
Although different brands of milk powder can be found on the shelf of even
the smallest store,”? all formulas combined constitute only a percentage of
breast-milk substitutes used for infant feeding in these nations. If formula
disappeared tomorrow, women would still decline to breast-feed and the use
of raw animal milk, sugar water, or other undesirable preparations would
be increased with continuing disasterous results. What is occurring today
appears to be a recurring theme in the story of infant feeding, that a decline
in breast-feeding accompanies “modernization.” This is not to imply that
responsible nations should sit idly by, but that the complex nature of the
issue should be recognized. Efforts should be directed at protecting breast-
feeding in rural areas where it still predominates, as well as promoting its
renewal among the urban economically advantaged and urban poor. Em-
phasis should be placed on educating health professionals to advise mothers,
providing educational materials to school children and mothers which are
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adapted to the need of individual countries, offering practical information
and support in prepartum and postpartum settings and enhancing maternal
nutrition.”>’* Meanwhile, a commitment to the continued promotion of
breast-feeding in Western nations which serve as role models for developing
countries is likely, in the long run, to be a major factor in a world-wide
increase in breast feeding.
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Anatomy of the Breast

Stanley F. Gould

The term breast includes a variety of anatomical structures lying on the
anterior aspect of the thorax. Contained within it is the mammary gland, a
highly specialized cutaneous glandular structure, composed of elements
involved in the secretion and ejection of milk. This gland is a well-defined
dermal structure which has become too large to remain within the skin itself
and has, therefore, invaded the underlying subcutaneous and fascial ele-
ments. The gland is peculiar to mammals and its development and structure
are strikingly similar in even the lowest of this class. In the human, the gland
is composed of some 15 to 20 lobules which originate from the nipple and
areola, and radiate along the anterior and lateral thoracic wall (Fig. 1).! The
mammary gland is only one component of the breast; other components
include a variable quantity of fat, connective tissue, vessels, nerves, and
lymphatics.

ANATOMICAL FEATURES OF THE BREAST

Surface Anatomy, Supporting Structures, and General Relationships

The breast overlies the pectoralis major, serratus anterior, and external oblique
muscles. It extends from the second to the sixth rib and from the sternum
to the midaxillary line. The glandular tissue contained within it may stretch
beyond the organ itself and extends laterally into the axilla (the axillary tail),
superiorly as far as the clavicle, and inferiorly as far as the epigastric fossa.'
The greatest amount of glandular tissue is found in the superolateral
quandrant. Some authors have stated that if inequality of the breast size
exists, the right breast is slightly larger than the left.? Surrounding and
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Figure 1. Diagram showing the
extent of mammary tissue on the
anterior thoracic wall. Note the
extension of ductal elements in
the axilla and inferiorly along the
epigastrium. (Redrawn from ref-
erence 1; used with permission.)

overlying the glandular tissue is a variable, often large, amount of adipose
tissue.

The gland as a whole lies in the superficial fascia of the thorax and is
usually easily dissected from the underlying pectoralis major and serratus
anterior muscles. The base of the breast is semicircular, but its exact surface
position is variable. It is firmly attached to the overlying skin in the area of
the areola by the connective tissue which surrounds the ducts and by heavy
ligamentous brands of connective tissue which traverse and subdivide the
adipose tissue and glandular elements. These transverse bands, known as
retinacula cutis, are particularly well developed in the superior quandrants
and form the suspensory ligaments or Ligaments of Cooper.? Posterior to
the breast is a deep layer of areolar connective tissue known as the retro-
mammary space.

The Nipple and Areola

The nipple is a condensation of epithelial tissue which usually, though
with great variability, is found at the level of the fourth intercostal space.
The lactiferous ducts of the mammary gland empty into it. It is surrounded
by specialized pigmented skin, the areola, which contains melanophores and
darkens during pregnancy, usually retaining its deepened coloration there-
after. The areola also contains sebaceous glands which hypertrophy and
form papillae during pregnancy (Montgomery’s follicles), sweat glands, and
accessory mammary glands with miniature duct openings through the
stratified squamous areolar epithelium. The areola is highly innervated and
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contains a dense intradermal nerve plexus supplying numerous sensory end
organs which include Meissner’s corpuscles and Merkel's discs.* This plexus
also terminates as free nerve endings. This sensory innervation is of great
importance during lactation and suckling.

The breast and mammary gland in the male are markedly less well
developed than in the postpubertal female. While some cords ot glandular
elements are present, fat and fibrous tissues are scanty. The nipple and
areolar area remain flattened.

Vessels and Nerves

The breast is highly vascularized and derives its blood supply chiefly
from the lateral thoracic and internal thoracic arteries. A variable contribution
from the anterior intercostal vessels has been reported. The lateral thoracic
artery, a direct branch of the axillary artery, often supplies the majority of
the blood to the superficial aspects of the organ. The perforating branch of
the internal thoracic artery passes through the second intercostal space to
supply the deeper portions of the gland, the nipple, areola, and skin of the
inner third of the breast.® A significant amount of variability exists, however,
In general, then, it can be stated that the vascular supply descends from the
superior lateral and medial aspects of the thorax to converge around the
nipple and areola.

Except for an area deep to the nipple, few if any vascular anastomoses
are found within the organ and thus provide little framework for collateral
circulation. Care must be exercised in dissections, especially in the superiol-
ateral and superiomedial quadrants as this is likely to interrupt the major
portion of the blood supply coming from the internal thoracic artery. Since
the areola and nipple derive their blood supply from deeper vessels, circular
incisions around the areola do not endanger its circulation. The venous
drainage flows medially or mediosuperiorly towards the clavicle.®

The breast is innervated chiefly by the intercostal nerves which carry
sensory fibers to the skin and autonomic fibers to smooth muscle and blood
vessels. The nipple and areolar complex are innervated solely by the interior
ramus of the fourth intercostal nerve,” a point of considerable importance
because interruption of this innervation may interfere with the afferent arm
of the letdown reflex. Circular incisions around the lateral aspect of the
areola should, for this reason, be avoided.

Lymphatic Drainage

A rich plexus of lymphatic vessels drains the breast and mammary gland.
Two major pathways exist which originate in the lobules of the breast and
run deep within it. These channels extend both laterally and medially.? The
chief drainage avenue (more than 75%) is towards the axilla through the
pectoral axillary and apical axillary nodes. Most of these lie close to vessels
on the anterior surface of the serratus anterior muscle. A lesser degree of



26 Stanley F. Gould

Figure 2. Drawings showing the early development
of the mammary gland. (Modified from reference
22; used with permission.)

drainage is afforded by the parasternal (internal mammary) nodes. The
chief route of these nodes is from the deeper surface of the gland through
the pectoralis major muscle. A few efferent vessels follow the lateral perforating
branches of the intercostal vessels. The lymphatic drainage from the nipple
and areola follows the drainage of the deeper glandular parenchyma and
not the adjacent superficial outflow tracts of the skin.

EMBYOLOGICAL DEVELOPMENT

Normal Development

The mammary gland is an ectodermally derived organ which can be
definitely identified by 6 weeks postfertilization.*'® At this time, a plaque of
ectodermal cells can be seen piling up in a line extending from the base of
the forelimb (axillary) to the region of the hindlimb (inguinal).!! This is
known as the mammary line or mammary ridge. In lower mammals, the
mammary ridge is a discrete entity identifiable because it extends along the
entire ventral surface of the embryo. In humans, the line is usually incon-
spicuous in the abdominal region and regresses shortly after its appearance
except in the region of the thorax.

By the end of the sixth week, the ectodermal ridge forms an ectodermal
pit and the ectoderm begins to penetrate the underlying mesenchyme,
producing the definitive mammary primordium (Fig. 2).'? By 20 weeks, 16
to 24 primitive, solid, sprouts (the anlage of the lactiferous ducts) have
invaded the mesodermal connective tissue. These invading ectodermal
sprouts continue to grow deeper and deeper with advancing gestation and
begin to arborize. They do not canalize until close to term. Only the main
lactiferous ducts are present at birth with the majority of ductal and virtually
all of the glandular secretory apparatus awaiting the hormonal events of
puberty before making their appearance.

Highly differentiated ectodermal cells develop in direct contact with the
developing ducts and mesenchyme. These cells, destined to become myopi-
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thelial cells, are localized around and along the developing ductal elements.'®
As gestation advances, the fibrous connective tissue and adipocytes develop
from the surrounding mesenchyme. The development of the intralobular
alveolar elements awaits the advent of puberty with full development
occurring only during pregnancy.

The nipple and areola develop rather late in gestation. At approximately
8 months, the globular surface of the mammary primordium flattens and
cornifies. Shortly before birth, this pitlike primordium is transformed into
the nipple by a proliferation of the underlying mesenchyme with a resultant
eversion of the cornified primordium. The ectoderm and the underlying
mesenchyme directly circumferential to the nipple then differentiates into
the definitive areola.

Anomalous Development

The most common anomaly of the breast is the occurrence of super-
numerary mammary tissue. This may take the form of accessory nipples
(hyperthelia or the presence of supernumerary nipples), supernumerary
breasts containing all the normal elements, and the condition known as
“pseudo-mammae” where the nipple, areola, and fat are present, but in
which no glandular parenchyma is represented. Well over 10,000 cases of
polymastia and/or hyperthelia have been reported. Absence of the mammary
glands (amastia), micromastia, and macromastia occasionally occur as does
the development of functional breast tissue in the male (gynecomastia) with
the actual secretion of milk.'* Lesser degrees of gynecomastia actually occur
in up to 30% of pubertal boys, caused by an estrogen—testosterone imbalance
at that time (seepage152). This type of gynecomastia is different from the
true anatomical variety caused by a primary aberation in the control of
organogenesis.

The vast majority of supernumerary breasts are found along the original
milk line of the embryo with 98.7% of these being found inferior to the
normal breast.'® According to some authors they are more common in the
male than the female'® and have been reported as inferior as the femoral
triangle and vulva.

Failure of proper proliferation of the mesenchyme underlying the
mammary primordium results in failure of eversion of the nipple. This
relatively common phenomenon is known as inversion of the nipple. It may
occur bilaterally or unilaterally and, when present, may pose mechanical
problems in breast-feeding (see Chapter 9).

STRUCTURE OF THE MAMMARY GLAND

General Features

At puberty, the 15 to 20 primitive embryonic ducts, formed by the
invagination of the primordial ectoderm, aborize extensively into separate
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Figure 3. Drawing of the ductal system, lactiferous ducts, and nipple of a 21-year-old female.
Note how the lactiferous ducts converge on the nipple. Secretory alveoli can be seen along the
more peripheral aspects of the intralobular ducts. (From reference 18; used with permission.)

lobes. In the adult female, approximately 10 to 15 of these lobes are
functional, the rest appear vestigial. From a functional viewpoint, each of
these lobes can be considered as a separate gland embedded within the fatty
stroma of the breast itself. These lobes drain towards the nipple through a
separate excretory duct, termed the lactiferous duct, which becomes slightly
dilated within the nipple to form the lactiferous sinus (Fig. 3). The interlobular
ducts receive the secretory products through a complex, tubular pattern of
branched intralobular ductal channels (Fig. 4). Through the injection of
contrast medium into the lactiferous ducts, Hicken'” described the full
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Figure 4. Sagiual section drawing of
full extent of ductal ramifications in
a 19-year-old nulligravida. Finer and
more complex ductal branchings are
seen as one moves laterally from the
central area of the areola and nipple.
(From reference 23; used with per-
mission.)

degree of ductal distribution over the entire anterolateral aspect of the
thorax and pioneered what is now known as mammography. Because of its
great degree of ductal complexity and multiple branchings, the mammary
gland is histologically classified as a compound tubuloalveolar gland.

Each lobe is separated by septa of dense connective tissue which is
fibrous and encloses the ductal elements. Blood vessels, lymphatics, and
nerves run in these septa and the interlobular septa merge 1mpercept1bly
with the fascial coverings suspendmg the breast from the anterior thoracic
wall. These interlobular connective tissue septa further subdivide the lobes
into discrete lobules, each with its own excretory duct (the interlobular duct).
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The lactiferous duct is lined by a stratified squamous epithelium near
the surface of the nipple and by a stratified cuboidal or columnar epithelium
at the more distal portions. The cells of the duct lining classically show scanty
cytoplasm, centrally placed nuclei, few nucleoli, and marginated heterochro-
matin.

The basic secretory units of the gland are the alveoli, small saccular
evaginations from the alveolar duct, which are composed of a single layer of
mammary epithelial cells that are cuboidal or low columnar and rest upon a
classic basement membrane. Clustered around a mammary ductule like a
bunch of grapes, these alveoli (and the distal portions of the alveolar ducts),
produce the secretory product which characterizes the gland. Secretory
activity has been reported within the lining of the more terminal ducts
themselves. It is these secretory units which show the greatest degree of
growth and regression during the different phases of mammary gland
development.

Surrounding the alveoli and lying between them and the basal lamina,
are highly specialized cells also believed to be derived from ectoderm. These
myoepithelial cells are “spiderlike” cells and contain elements of both smooth
muscle and epithelial cells; they surround each alveolar unit in a basketlike
manner (Fig. 5). They are also found running longitudinally along the
interlobular ductal channels (Fig. 6). They are contractile and are responsible
for the ejection of milk from the alveoli and alveolar ducts. The presence of
these myoepithelial or “basket cells” has been cited as evidence for a
morphogenetic relationship between the mammary gland and the cutaneous
sweat gland.

Classically, the development of the postpubertal mammary gland has
been divided into three major functional stages: (1) an inactive or resting
stage seen in the nonlactating, nonpregnant, sexually mature female, (2) a
proliferative or active phase during pregnancy, and (3) a lactating or secretory
phase during the production of milk. A fourth stage is sometimes character-
ized as regression and atrophy. This occurs after the cessation of lactation
and after the menopause. While some minor changes are thought to occur
during the normal menstrual cycle,'® they have not been extensively studied
in the human female.

Inactive or Resting Stage

Prior to pregnancy, the mammary gland from the adult female is in an
inactive state which permits easy identification of its parenchymal and stromal
organization. As seen in Fig. 7, the lobules consist of tubules or ducts lined
with epithelium and embedded in a connective tissue stroma. They are
widely separated and connective tissue and adipose tissue are the predominate
elements. The interlobular connective tissue is dense, fibrous, and markedly
less cellular than the intralobular connective tissue.

At this stage of development, there is only a scanty contribution from
the glandular parenchyma. A few budlike sacculations may be seen arising
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Figure 5. Myoepithelial cells (basket cells) surrounding secretory alveoli. These spiderlike cells
contain smooth muscle myofibrils and, upon contracting, propel the intraalveolar contents into
the collecting ducts. (From reference 24; used with permission.)
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Figure 6. Contractile fibers running longitudinally along the terminal ducts of the mammary
gland. In concert with the myoepithelial cells which surround the alveoli, these elements help
propel the secretory contents of the alveoli and terminal alveolar ducts towards the nipple.
(From reference 24; used with permission.)

from the ducts (Fig. 8), but the gland consists predominantly of lactiferous,
interlobar, and interlobular ducts. The larger lactiferous ducts are lined by
stratified cuboidal epithelium, except near the nipple where they are lined
by stratified squamous epithelium. The smaller ducts display a simple
cuboidal epithelium with scanty cytoplasm and centrally placed nuclei. The
few alveoli present consist of simple cuboidal epithelial elements without
distinctive morphologic features. They are virtually indistinguishable from
the epithelium of the smaller ductal channels. Myoepithelial cells have been
observed at this stage. The engorgement perceived by many women just
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Figure 8. Drawing of duct system of a 15-year-
old nulligravida. Note the primitive develop-
ment of the system with very few secretory
alveoli present. (From reference 18; used with
permission.)

prior to menses is probably secondary to hyperemia and tissue edema rather
than to a significant change in the activity of the glandular parenchyma.

A point of importance, here and in the discussion to follow, is that the
glandular parenchyma of the breast apparently does not respond to the
hormonal environment in a totally synchronous fashion. Different areas
within the same breast may change to greater or lesser degrees. For this
reason, a good deal of variability within lobules and between lobules may be
seen in random histologic sections.

Proliferative or Active Phase

A modest, though discernable, degree of alveolar development occurs
at the time of the menarche (Fig. 9), but with the advent of the hormonal
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Figure 9. Drawing of ductal and alveolar development in a 19-year-old nulligravida. With the
beginning of cyclic menses, there is a modest amount of development of the ductal and secretory
elements. In relation to the breast as a whole, however, this development is scanty compared to
the volume of connective and fatty tissue. (From reference 23; used with permission.)

changes of pregnancy, the mammary gland undergoes a spectacular phase
of growth and proliferation. Early in pregnancy, this growth is due to a true
hyperplasia of the ductal and secretory elements, while in the later trimesters,
alveolar cell hypertrophy and secretory activity underlie the changes seen.
During the same interval, there appears to be a significant decrease in the
supporting stroma with a marked reduction in adipose cells and fibrous
connective tissue.

The active phase is characterized by a rapid increase in the number of
alveoli. Growth occurs at the terminal portions of the intralobular ducts (Fig.
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Figure 10. Drawing of ductal and se-
cretory apparatus in a 21-year-old pri-
migravida at 8 weeks’ gestation. Note
the development of grape-like clusters
of alveoli off the terminal ductal chan-
nels. (From reference 23; used with
permission.)

10) which branch numerous times to end in alveolar sacculations. In the
early trimester, the secretory alveoli are collapsed, but as gestation advances
the saccules expand and enlarge, transforming the gland into a classic,
tubuloalveolar structure (Fig. 11). Between the alveoli, the connective tissue
is thin and compressed.

The epithelium of the alveoli at this stage is composed of simple cuboidal
to low columnar cells. Randomly distributed and sparse secretory type
microvilli characterize the apical surface of the alveolar epithelium. Relatively
large mitochondria and increasing numbers of Golgi are seen. Concommitant
to this is an increase in the amount of rough endoplasmic reticulum. As
early as the sixth month of pregnancy, lipid droplets can be seen in the
alveolar epithelial cells.
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Figure 11. Mammary gland from midtrimester pregnant female. Note the development of
secretory alveoli. A marked decrease in the intraalveolar stroma has occurred. A small amount
of secretory product is visible within the alveoli. Stained with hematoxylin and eosin. 1200 x.

Lactation or Secretory Phase

During the first few days after parturtion, a significant change occurs in
the secretory elements of the mammary gland. Within the first 12 hr, the
cells lining the alveolar sacculations become high cuboidal to columnar and
develop the classic cytologic characteristics of an exocrine cell. At the base
of the cell (Fig. 12), numerous free ribosomes may be seen within the
cytoplasm. These are rapidly replaced by rough endoplasmic reticular
membranes which are quite evident by 48 hr postpartum (Fig. 13). The
ribosomes, responsible for the basophilia seen at this time, are usually limited
to the subnuclear and perinuclear regions of the alveolar cells. Lipid droplets
are first seen at the base of the cells, but move towards the apical cytoplasm
within 48 hr (Figs. 14 and 15). Extraction of these large, intracytoplasmic
inclusions occurs by routine paraffin processing and leaves clear or empty
spaces in the apical cytoplasm which have been variously interpreted as the
loss of this region of cytoplasm into the adjacent alveolar lumen. By the use
of special lipid stains,'” it appears that some of the lipid inclusions are not
homogeneous but rather complex (Fig. 16).
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Figure 12. Base of alveolar cell 24 hr after parturition. Note the free ribosomes and large
mitochondria. At this stage of lactation, few rough endoplasmic reticula have developed. Stained
with uranyl and lead salts. 46,000 x.
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Figure 13. Base of lactating alveoli 48 hr after parturition. Note the development of numerous
rough endoplasmic reticula. The nuclei are basal. Numerous proteinaceous secretory granules
are seen at the base of the cells. Stained with uranyl and lead salts. 8000 x.
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Figure 14. Mammary epithelium from a patient 48 hr postpartum. Lipid droplets are visible
after staining with malachite green. In the first 24 to 36 hr, these droplets are seen at the base
of the alveolar cells. Within 48 hr after parturition;, they will be visible within the apical cytoplasm
of the epithelium. Stained with uranyl and lead salts. 8000 X.
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Figure 15. At 48 hr, lipid inclusions are seen in the apical cytoplasm of the lactating mammary
gland. These inclusions are not membrane bound. Note the development of secretory-type
microvilli on the apical surface. Stained with urany! and lead salts. 30,000 x.

Until the advent of electron microscopy, there was a great deal of
discussion as to the nature of the secretory process occurring in the lactating
cell. The mammary gland was formerly classified as a mixed merocrine and
apocrine gland since, in addition to the secretion of lipid, small proteinaceous
secretory granules were observed in the apical cytoplasm with the subsequent
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Figure 16. Electron micrograph demonstrating lipid inclusion from tissue fixed in the presence
of 0.1% malachite green. Note that the inclusion is complex in nature with lipid and granular
material enclosed. Stained with uranyl and lead salts. 50,000 x.
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Figure 17. Diagram of the classic tripartite junc-
tional complex. This type of junction is seen in
the ducts throughout the mammary cycle, but in
the alveolar cells, the desmosome disappears dur-
ing lactation leaving only the zonula occludens to
limit transmigration of extracellular components.

deposition of their contents into the alveolar lumen. Recent studies have
indicated that the proteinaceous secretory products are released into the
alveolar lumen by classic exocytosis in which secretory material passes out
through the cell apex without the loss of cytoplasm; this being due to a
fusion of the secretory granule membrane with the apical cytoplasmic
membrane. However, the process of release of the lipid droplets results in
the loss of some cytoplasm, although far less than was originally deduced
from light microscopic studies of paraffin-embedded specimens. Recent fine
structure data indicate that only a very fine circumferential ring of specialized
cytoplasm accompanies the lipid droplet as it is released into the lumen.

Throughout the proliferative phase of glandular function, the alveolar
epithelium displays classic junctional complexes between the apical borders
of adjacent cells* (Fig. 17). During lactation, the desmosome component of
this junction disappears leaving only the zonula occludens to strictly limit
the movement of extracellular components into the alveolar lumina. Classic
tripartite junctional complexes are found in the ducts, but not between the
alevolar cells. Gap junctions have been noted on the lateral cell membranes
and are believed to be sites of transport of small molecules between cells.
The basal cell membrane is thrown into highly interdigitated basal infoldings
which are associated with large numbers of mitochrondia.

Within 48 hr, the alveolar epithelium becomes cuboidal and continuously
increases its secretory activity. The alveoli become distended with milk (Fig.
18) and, as they do, the lining epithelium becomes flattened and distorted
(Fig. 19). Compression of the intraalveolar connective tissue occurs and, in
histological sections, the fully distended alveoli may actually resemble thyroid
follicles full of colloid. Contraction of the myoepithelial cells assists in the
propulsion of material from the alveolar lumen to the alveolar ducts
themselves help propel the secretory product towards the lactiferous ducts
and sinuses. A cyclic process of secretory activity, luminal distention, and
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Figure 18. Mammary lobules from a 26-year-old woman 3 weeks postpartum. Note the
tremendous distention and development of the secretory alveoli. This woman died 48 hr after
last suckling her infant. (From reference 18; used by permission.)

expulsion into the duct system continues throughout lactation, as directed
by the suckling of the infant and the letdown reflex.

Regression, Involution, or Atrophy

Regular suckling stimulates the continuation of milk secretion. When
this is stopped, the gland quickly ceases its secretory activity and undergoes
a relatively rapid phase of regression. Within a few days, the milk remaining
in the alveolar lumina and ducts is resorbed. A steady decrease in parenchymal
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Figure 19. Lactating human mammary gland. Note the extreme distention of the alveolar
follicles with the apical secretory products visible in the cytoplasm. With progressive distention,
the follicular epithelium becomes flattened. Stained with hematoxylin and eosin. 1200 x.

elements ensues with the concomitant reappearance of larger amounts of
intralobular and interlobar connective tissues. The gland, however, does not
regress to its original prepubertal state as many of the alveoli persist (Fig.
20).

Within the alveolar epithelium a great amount of lysosomal and auto-
phagic activity accounts for the initial regression of the epithelium.?! As this
occurs, the cellular debris is removed by macrophages and histiocytes. The
gland then remains in a resting condition until the advent of the next
pregnancy wherein the developmental cycle of proliferation and secretion
commences.

Near the menopause, but usually before the true cessation of cyclic
ovarian function, the mammary gland and surrounding breast tissues begin
to atrophy. Loss of tissue begins initially in the peripheral aspects of the
lobe, but eventually almost all alveolar and intralobular ductal elements are
lost. The interstitial connective tissue becomes decidedly less cellular with
hyaline change noted as a common occurrence. On random histologic section,
only a few scattered ducts may be seen at this time.
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Figure 20. Mammary ductal apparatus in a 34-year-old female 5 years after her last birth. Note
the degree of regression in the secretory and ductal elements with an increase in the stroma to
parenchyma ratio when compared to the lactating gland. (From reference 23; used by permission.)

SUMMARY

The mammary gland is an ectodermally derived organ which forms the
major secretory element of the breast and lies within the subcutaneous tissues
of the anterior thoracic wall. Prior to pregnancy, the gland is composed
primarily of scattered ductal elements which drain into a series of collecting
or lactiferous ducts. These ducts drain into the nipple. Upon appropriate
hormonal stimulation, the mammary ducts develop numerous secretory
alveoli which cyclically produce milk and empty their contents into the ductal
system. Upon termination of suckling, a rapid regression occurs in the
alveolar and ductal trees with end stage involution occurring after the
menopause.

While a great deal of data exists on the nonhuman mammary gland, far
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too little information is available on the structure and functional morphologic
changes seen in the human. For this reason, much of our understanding of
the fine structure of the gland is predicated on animal models. It is hoped
that future endeavors will address this problem.
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The Mechanisms of Milk Secretion

Margaret C. Neville, Jonathan C. Allen, and
Christopher Watters

INTRODUCTION AND OVERVIEW

Milk secretion occurs in all mammals, the presence of mammary glands
being one of the important criteria distinguishing this class from all others.
Although the location and external form of the mammary gland differ from
one species to another, the mechanisms of milk production are remarkably
similar. Milk is produced by epithelial cells which line the mammary alveoli
and is stored in the alveolar lumina adjacent to these cells. During ejection,
the milk is forced from the alveoli by contraction of surrounding myoepithelial
cells and exits through ductules into ducts which drain several clusters of
alveoli. In the human, small ducts coalesce into 15 to 25 larger ducts which
dilate into small sinuses as they near the areolus. These ducts open directly
on the nipple (see Chapter 2 for a more extensive discussion of the anatomy
of the human mammary gland). In other animals, the ducts may empty into
a single primary duct or a cistern which in turn is drained by a single teat
canal. These structures may provide additional milk storage, particularly in
dairy animals.

With the development of electron microscopy and sophisticated tools
for probing the biochemical basis of milk secretion, over the past decade five
specific pathways for the synthesis and secretion of milk components have
been clearly defined. These five pathways, illustrated diagramatically in Fig.
1, operate in parallel to transform precursors derived from the blood into
milk constituents and/or transfer them into the alveolar lumina. Although
the biochemical processes involved are fundamentally the same in all mam-
mals, differences in their relative rates and, in some cases, in the nature of

Margaret C. Neville and Jonathan C. Allen # Department of Physiology, University of Colorado
School of Medicine, Denver, Colorado 80262. Christopher Watters e Department of
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Figure 1. The pathways for milk synthesis and secretion in the mammary alveolus. (I) Exocytosis
of milk protein and lactose in Golgi-derived secretory vesicles. (II) Milk fat secretion via the
milk fat globule. (III) Secretion of ions and water across the apical membrane. (IV) Pinocytosis-
exocytosis of immunoglobulins. (V) The paracellular pathway for plasma components and
leukocytes. (Abbreviations: SV, secretory vesicle; RER, rough endoplasmic reticulum; BM,
basement membrane; MFG, milk fat globule.)

the products synthesized result in milks whose composition differs widely
from species to species. Some of the milk secretion pathways, for example,
exocytosis of protein-containing vesicles, are common to many secretory
tissues such as pancreas, liver, and salivary gland. In contrast, the mechanism
for fat secretion into milk appears to be unique to the mammary gland.
Because these five pathways are now well defined, the nineteenth century
terms, apocrine, merocrine, and holocrine secretion, occasionally still applied
to the mammary gland, no longer add to our understanding of milk secretion
and should be abandoned.

In comparison to related dermal glands such as the salivary and sweat
glands, the rate of milk secretion is slow, about 1 to 2 ml of milk per gram
of tissue per day.' Milk is stored adjacent to the cells which produce it.
Histologically, the cells lining the smaller ducts resemble the alveolar cells,
even reacting with anticasein antibodies,? suggesting that they, like the
alveolar cells, secrete milk. Because milk passes through the ducts rapidly
during its forced transit from alveolus to. nipple, it is unlikely that reabsorptive
processes, like those found in the salivary and sweat glands, play a significant
role in determining milk composition.

In this introductory section, the characteristics of the five pathways for
milk secretion will be summarized followed by discussions of the changes in
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composition of the mammary secretion at parturition, the secretion of cellular
elements into milk, the mechanism by which the nursing infant removes milk
from the breast and finally mammary blood flow. In subsequent sections,
the physiology and biochemistry of each of the four transcellular pathways
will be considered in greater detail in order to provide the reader with a
framework for understanding current developments in mammary physiology.
Our current understanding of the hormonal mechanisms which regulate
mammary development and function is summarized in the succeeding
chapters. Recognizing that there is currently a large gap between our
knowledge of the hormones which control mammary function and our
understanding of the molecular mechanisms through which they act, in this
chapter we have tried to indicate those points in each of the biochemical
pathways where regulation is likely to occur.

Cellular Mechanisms for Milk Synthesis and Secretion

To produce milk, four secretory processes are synchronized in the
alveolar cell of the mature mammary gland: exocytosis, fat synthesis and
secretion, secretion of ions and water, and immunoglobulin transfer from
the extracellular space (Fig. 1). These will be summarized briefly, followed
by discussions of membrane flow in the alveolar cell and of the role of a
fifth process, the paracellular pathway, in determining the composition of
the mammary secretion. Most of the concepts in this introductory section
will be expanded in later portions of the chapter; for such concepts, detailed
references are deferred to the later section.

Exocytosis

Among the major milk components, proteins, lactose, calcium, phos-
phate, and citrate are packaged into secretory vesicles and secreted by
exocytosis. The amino acid sequence of the milk proteins, as coded in the
nuclear DNA, is transcribed into messenger RNA (mRNA) which moves to
the cytoplasm. Consistent with other secreted proteins, translation of the
mRNA occurs on ribosomes bound to the endoplasmic reticulum. As the
proteins are synthesized, they are inserted across the endoplasmic reticulum
membrane, the N-terminal amino acid sequence (the “signal” sequence) is
removed, and carbohydrate groups may be added. The sequestered proteins
are then transferred to the Golgi system for further processing and sorting.

Calcium, phosphate, and citrate are transported into the Golgi vesicles
from the cytoplasm. Within the Golgi vesicles, calcium and phosphate combine
with the class of phosphoproteins known as caseins to form large aggregates
called micelles. The membrane-bound enzyme, galactosyltransferase, inter-
acts with a soluble protein, a-lactalbumin, within the Golgi system to synthesize
the milk sugar, lactose. Because the Golgi membrane is impermeable to
lactose, the sugar is osmotically active; as it accumulates, water is drawn into
the Golgi vesicles. As they reach the terminal portions of the Golgi system,
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the casein micelles and other milk proteins, lactose, calcium, phosphate, and
citrate are packaged into secretory vesicles. These move toward the apical
portion of the cell, fuse with the apical membrane and release their contents
into the alveolar lumina (Pathway I, Fig. 1).

Lipid Synthesis and Secretion

Triglycerides, synthesized in the cytoplasm and smooth endoplasmic
reticulum of the mammary alveolar cell, coalesce into large droplets which
gradually make their way to the apex of the cell. The lipid droplets bulge
against and gradually become entirely enveloped in apical plasma membrane,
and finally separate from the cell as the milk fat globule. The occasional
inclusion of a crescent of cytoplasm within the membrane-bound globule?
enables any substance contained in the cytoplasm to enter milk (Pathway II,
Fig. 1).

Secretion of Monovalent Ions and Water

Sodium, potassium, and water may permeate the Golgi, secretory vesicle,
and apical membranes freely."*** Water moves from the cell across these
membranes in response to the osmotic gradient set up by lactose. Electrolytes
follow water, moving down their electrochemical gradients. The concentra-
tions of potassium and sodium in milk are thought to be regulated by the
electrical potential across the apical membrane. Because the chloride in the
milk is out of equilibrium with its concentration in the cytoplasm, it is
necessary to postulate some sort of active transport for this ion back into the
cell. Bicarbonate ion is lower in milk than in plasma. However, nothing is
known about its secretion into milk although Linzell and Peaker® have post-
ulated C17-HCOj exchange at the apical membrane (Pathway III, Fig. 1).

Immunoglobulin Secretion

Immunoglobulin A, and perhaps other plasma proteins, combine with
a specific receptor on the basolateral membrane of the cell. The receptor
and its attached IgA are internalized in endocytotic vesicles and are then
transported either to the apical membrane or to the Golgi apparatus for
subsequent disgorgement into milk (Pathway IV, Fig.1).6

Membrane Flow in the Mammary Alveolar Cell

It is apparent from Fig. 1 that there is considerable traffic between
membrane-bound compartments during the synthesis and secretion of milk
components. For example, proteins originally sequestered in the rough
endoplasmic reticulum must be transferred to the Golgi apparatus for sorting
and processing, then further packaged in secretory vesicles. The mechanisms
of these transfers and the flow of membranous materials between these
compartments are not yet well understood although they are the subject of
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considerable current interest among cell biologists.” The chronology and
ultrastructural organization of exocytosis and milk fat globule secretion have
suggested to some investigators® that milk secretion is accompanied by a
polarized flow of intracellular membranes. According to this view, mem-
branes, possibly in association with newly synthesized secretory products,
move from the Golgi complex to secretory vesicles and then to the apical
plasma membrane where they envelope the extruded milk fat globule. In
terms of this model, the apical membrane is in constant flux with membrane
being added from the secretory vesicle membranes and removed as milk fat
globule membrane.® Evidence consistent with this scheme is provided by the
observation that certain Golgi enzymes, xanthine oxidase, galactosyl trans-
ferase, and thiamine pyrophosphatase are also found in the milk fat globule
membrane.'°~!2 On the other hand, freeze-fracture studies!®!* indicate that
intrinsic membrane particles, presumably proteins, are partially excluded
from the milk fat globule membrane, suggesting that there is selection and
segregation of the protein components of the apical membrane as it engulfs
the milk fat globule.

The mechanism proposed for the receptor-mediated transcellular trans-
port of milk immunoglobulins® postulates two additional pathways of mem-
brane flow: (1) A portion of the Golgi membrane containing newly synthesized
immunoglobulin-receptor is transported to and fuses with the basolateral
plasma membrane of the secretory cell. (2) Following immunoglobulin
binding, the immunoglobulin-receptor complex is endocytosed and the
resulting membrane vesicle is transported to and fused with the apical
membrane. Further elucidation of the pathways through which membranes
flow and the mechanisms by which this flow is regulated are likely to provide
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an exciting chapter in the story of the function of the mammary alveolar
cell.

The Role of the Paracellular Pathway in Mulk Secretion

The fifth pathway for secretion of substances into milk (Fig. 1) involves
passage between the epithelial cells, rather than through them and for this
reason is designated the paracellular pathway.'* The passage of substances
through the spaces between the alveolar cells is normally prevented by the
tight junctions (zonula occludens) between adjacent alveolar cells. During
pregnancy, as well as in mastitic and involuting breasts these junctions
become leaky, allowing plasma constituents to pass directly into milk. Under
these conditions, the mammary secretion has a high concentration of sodium
and chloride and lower concentrations of lactose and potassium than are
generally found in milk during full lactation.

Changes in Milk Composition at Parturition

Following parturition in the human, the composition of the mammary
secretion changes markedly (Figs. 2 and 4), going from a solution rich in
sodium and chloride, immunoglobulins, and lactoferrin to a solution rich in
lactose with only moderate protein levels.* A fairly abrupt increase in the
synthetic activity of the alveolar cells results in an increase in both the volume
of milk secreted and the total output of nutrients (Figs. 3 and 5). The closure
of the junctional complexes is largely responsible for the change in the ionic

* Casein, the major protein in the milks of most species is not shown in Fig. 4 because longitudinal
data on its concentration in human milk are not available. In mature human milk, casein levels
are similar to the levels of a-lactalbumin and lactoferrin.!®
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Figure 4. Longitudinal changes in the concentrations of total and individual proteins in human
milk. Points represent mean values given by various authors. ®, Gross ¢t al.'®; A, Healy et al.2?;
O, McClelland et al.'%; x, Lonnerdal et al."”

composition because the direct passage of plasma elements such as sodium
and chloride into milk is impeded. During the transition from the secretion
of colostrum to the secretion of mature milk, certain aspects of alveolar cell
activity also decrease, in particular the secretion of lactoferrin and IgA (Fig.
5). This suggests that the secretory activity of the alveolar cells is regulated
in such a way that substances primarily of nutritional significance partially
replace those of protective or immunologic significance in the early postpar-
tum period.

A secretion, termed precolostrom, can be obtained from the mammary
glands of pregnant women. From midpregnancy to parturition, the compo-
sition of precolostrum is rather stable®! with high concentrations of sodium,
chloride, lactoferrin, and immunoglobulins and low levels of lactose. Starting
at parturition, the mammary secretion is called colostrum. In general, this
term has been used in the human to describe mammary secretions obtained
during the first 4 or 5 days postpartum. Secretions obtained during the next
5 days are often referred to as transitional milk. As is evident from Figs. 2, 3,
and 6, however, the composition of the mammary secretion undergoes a
continuous adjustment during the postpartum period, so that particular
compositional values cannot be assigned either to colostrum or transitional
milk. During mastitis®»** and after weaning® compositional changes in
reverse of those seen during lactogenesis occur.
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Milk from mothers giving birth to premature infants shows sodium,
chloride, and total protein levels higher than milk from mothers of full-term
infants (Fig. 6). The lactose level is consistently lower.'®2627 It has been
postulated that these compositional differences are responsible for the
observation that premature infants do better when fed their own mother’s
milk than when fed banked milk. Whether this is true or not, the data in
Fig. 6 make it clear that those changes in the mammary epithelium which
lead to the secretion of mature milk are delayed in mothers of preterm
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infants. The physiological basis of this observation is unclear. The possibility
should be investigated that the delay results from incomplete emptying of
the breast due to the weak suck of the premature infant or insufficient milk
removal with a breast pump in women whose infants are too young to suckle.
However, the delayed maturation of the mammary epithelium may also
reflect incomplete prepartum development.

The Secretion of Cells into Colostrum and Milk

During the early puerperium, the mammary secretion from the human
breast contains about 10° cells/ml (Fig. 7), most of which are leukocytes in
the form of polymorphonuclear cells, macrophages, and lymphocytes.?®
After the first month, the number of cells secreted is reduced by a factor of
at least 100 and the predominant cell type changes from leukocytes to
sloughed epithelial cells,?® which continue to be found in milk throughout
lactation at a concentration of about 10* cells/ml.

The daily secretion rate of leukocytes into human milk appears to peak
about day 5 (Fig. 7) and then falls gradually as the mammary epithelium
matures. In electron micrographs,®® leukocytes can be seen interposed
between mammary epithelial cells leading to the postulate that they enter
the mammary secretion through the paracellular pathway. Whether they
themselves alter the integrity of the junctional complexes or whether they
pass through “gaps” in the alveolar epithelium®"*? is not clear at this time.
In any case, the number of leukocytes secreted into milk is highest during
early lactation when the junctional complexes are more permeable to small
ions and other plasma constituents.
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Suckling and the Ejection of Milk from the Breast

Milk removal from the breast is the product of a coordinated interaction
between the sucking of the infant and the letdown reflex of the mother. As
the infant commences sucking, afferent impulses generated in receptors in
the areola travel to the brain where they stimulate the release of oxytocin
from the posterior pituitary (see Chapter 4 for a full description of oxytocin
release). Oxytocin travels through the blood stream to the breast where it
combines with specific receptors on the myoepithelial cells, stimulating them
to contract and force milk from the alveoli into the mammary ducts and
sinuses. If the infant is nursing correctly, the nipple and much of the areola
are drawn well into the mouth so that a long teat reaching nearly to the soft
palate is formed.*>** The mammary sinuses extend into this teat. Milk is
removed not so much by suction as by the stripping motion of the tongue
against the hard palate which allows milk to flow from the teat into the
baby’s mouth. The sinuses refill as the continued acton of oxytocin forces
milk from the alveoli into the ducts.

A number of problems can lead to unsatisfactory milk removal. These
include the inability of the infant to develop a sufficiently strong suck to
stimulate the afferent nerve endings in the areola or completely remove milk
from the breast, a severed areolar nerve in a woman who has had breast
surgery or an unfavorable emotional state in the mother which interferes
with oxytocin secretion.?® If these problems are not solved (see Chapter 9),
it is probable that milk will be retained in the alveolus leading to inhibition
of secretion.

Mammary Blood Flow

In all species where it has been measured, mammary blood flow increases
markedly at lactogenesis and comprises a fairly substantial proportion of the
cardiac output during lactation.?¢=*! In the goat and cow,?*® mammary blood
flow is closely correlated with milk yield, 400 to 500 liters of blood passing
through the mammary gland for each liter of milk produced. Detailed
measurements have not been possible in humans, although the prominence
of the venous drainage from the breasts during both pregnancy and lactation
suggests that breast hyperemia is present in women from an early state of
pregnancy.*? Crude measurements of breast blood flow using skin
thermometry*® indicated that mammary blood flow increased markedly
during pregnancy then rose further after parturition. There was some
indication of a correlation of blood flow with milk production in this study.

The nature of the factors which control vasomotor tone in the mammary
gland has received little investigation. Linzell®® pointed out that mammary
blood vessels show exquisite sensitivity to epinephrine and norepinephrine
and that serotonin and PGFs, are vasoconstrictive agents in goats. Adenosine
and bradykinin have both been shown to be vasodilators. In concious goats,
brief occlusion of the mammary artery resulted in increased mammary blood
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flow suggesting the accumulation of a vasodilator during a period of reduced
tissue perfusion. Bromocriptine infusion in sheep did not prevent the changes
in mammary blood flow that accompany parturition in this species® sug-
gesting that prolactin is not involved the regulation of mammary blood flow.
Finally, a distinct correlation between mammary blood flow and both fasting
and mild stress***® has been demonstrated in goats. The mediation of these
effects is totally unknown.

In summary, mammary blood flow appears to be closely correlated with
the rate of milk secretion and can be regulated by changes in either cardiac
output*! or in local vasomotor tone. The control mechanisms involved have
received little attention.

PROTEIN SYNTHESIS, PROCESSING, AND SECRETION IN THE
MAMMARY GLAND

The major proteins in human milk are a-lactalbumin (30% of total
protein in mature milk), lactoferrin (10 to 20%), casein (40%) and immu-
noglobulin A (IgA,10%).*¢*” Other major milk proteins include IgG, IgM,
lysozyme, and serum albumin. Minor proteins include binding proteins such
as corticosterone-binding protein,48 vitamin-B-binding protein,49’50 folate-
binding protein,®’ hormones such as prolactin®® and epidermal growth
factor,’? and the proteins of the milk fat globule membrane,**** to cite a
few. In addition, more than 30 enzymes have been identified in human
milk.’5?% The role of these enzymes is by and large unknown except for
lactose synthetase and the bile-salt-activated lipase discussed later in this
chapter. While some of the enzymes undoubtably arise from the cytoplasmic
remnants present in milk, others, like the glycosyl transferases, probably
originate with the Golgi vesicles or are cleaved from the milk fat globule
membrane.>®

In this section, we will summarize the properties of the major milk
proteins followed by more detailed discussions of the mechanisms of casein
and a-lactalbumin synthesis and processing and IgA secretion. Finally, the
control of protein synthesis as it is presently understood in the mammary
gland will be briefly outlined.

Properties of Milk Proteins

Casein

Casein is the major protein in the milk of most species comprising several
families of phosphoproteins of molecular weight (mol. wt.) 26,000 to 45,000.
Human milk is exceptional in having a low casein concentration, only about
20% of the total.'> The a- and B-caseins are linear molecules containing a
large proportion of proline residues. One end of these molecules contains a
high density of negatively charged carboxyl and phosphate groups which
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tend to interact with calcium. The other end is largely composed of hydro-
phobic residues which promote self-association.?” k-Casein is a larger mole-
cule, only part of whose structure has been published.’® In the presence of
millimolar concentrations of calcium and phosphate, casein molecules asso-
ciate to form the casein micelle.’” This unique protein aggregate, with a
diameter about 140 nanometers, contains up to 25,000 monomeric casein
molecules. Binding an average of 20 Ca?* and 18 PO~ molecules per
protein monomer,*® casein appears to be a highly efficient package for the
delivery of protein and salts to the infant. It should be noted that human
caseins have not yet been well characterized, nor have the extent of micellular
formation and the actual amounts of casein present at various stages of

lactation. In fact, it is currently not clear that human milk contains k-casein
at all.*6

o-Lactalbumin

a-Lactalbumin (mol. wt. 14,081 in humans) appears to be evolutionarily
derived from lysozyme; it is present in the milks of all species which secrete
lactose.?® It acts as a cofactor in the synthesis of lactose, a function which is
more fully discussed in Section 3 of this chapter. Because human milk has a
very low casein content both a-lactalbumin and lactoferrin (below) are
nutritionally important fractions of human milk protein.'®

Lactoferrin

Lactoferrin has variously been called red milk protein, ekkrinosidero-
philin and lactotransferrin. It was first found as a red protein in human
milk by Sorensen and Sorensen.® It is an iron-binding protein, mol. wt.
76,000, closely resembling transferrin. Each molecule binds two ferric ions
in conjunction with two bicarbonate anions®' and may also bind zinc.®? It is
present in high concentration in the colostrum of most species as well as in
other exocrine secretions such as saliva and pancreatic fluid.®® In most species
the concentration of lactoferrin falls to very low levels in mature milk (0.2
mg/ml in the cow), but is is found at relatively high levels throughout lactation
in the human and guinea pig (2 mg/ml). It is secreted into human milk about
5 to 10% saturated with iron.

Lactoferrin has both bacteriostatic and bacteriocidal activities presumably
because its avid binding of iron makes the substance unavailable to bacteria®*
(but see reference 65 for other possible mechanisms of action). Lactoferrin
has also been postulated to play a nutritional role in transferring iron to the
neonate; however, its low iron saturation, the fact that the iron-saturated
form of the protein is resistant to proteolytic hydrolysis, and the observation
that breast-fed neonates appear normally to be in negative iron balance
argue against such a role.®® Synthesis of lactoferrin has not been studied in
the mammary gland.
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B-Lactoglobulin

This protein is present in the milks of ruminants and other species
which depend on the transfer of large amounts of immunoglobulin to their
young via colostrum.'® However, its function is unknown and it is not present
in the milk of humans, guinea pigs, rats, or mice.

Immunoglobulins

Secretory IgA is present in high concentration the first week after birth,
falling to a stable level of about 2 mg/ml in mature milk (Fig. 4). Its possible
antiinfective role is discussed in Chapter 7 and the mechanism of IgA
secretion is discussed below.

IgG and IgM are only minor components in human milk. In contrast,
IgG is the major immunoglobulin in the milk of ruminants and other species
in which milk immunoglobulins cross the intestinal mucosa and are important
for passive immunity of the newborn. The pathway for secretion of these
plasma components into milk is not known.

Serum Albumin

Serum albumin is present at about 2 mg/ml in colostrum falling to 0.5
mg/ml in mature milk (Fig. 4). It is generally presumed to originate from
the plasma, perhaps entering milk via the paracellular pathway, although
Phillippy and McCarthy®” have presented evidence which suggests some
synthesis of serum albumin within the mammary gland itself.

Proteins of the Milk Fat Globule Membrane

During their secretion, milk fat globules are enveloped by apical plasma
membrane that is separated from the core fat globule by a dense proteina-
ceous coat. Using SDS polyacrylamide gel electrophoresis, Mather and
Keenan® were able to separate 21 protein components from well-washed
bovine milk-fat globule membranes (MFGM) (see also Mather®?). Similar
proteins appear to be present in human MFGM.®® After removal of mem-
brane and loosely associated proteins, two major proteins are associated with
the residual filamentaous material: xanthine oxidase (Band 3 in the termi-
nology of Mather and Keenan,** mol. wt ~150,000) and Band 12 protein
(mol. wt. 76,000) for which Franke et al.,*® have proposed the name “butyr-
ophilin.” This protein has been shown by immunofluorescence to be concen-
trated at the apical surface of the mammary epithelial cells. It was not found
in other epithelial cells or in other cell types in the mammary gland, suggesting
to Franke and his colleagues®® that it is involved in the vectorial discharge
of milk fat globules into the alveolar lumina.

Free Amino Acids in Milk

Free amino acids are present in widely varying concentrations in the
milks of different species.”® In most species, the total amounts to 2 to 4 mM.
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In the relatively protein-poor human milk, they contribute as much as 25%
of the total nitrogen, with higher levels during early lactation.”! Glutamine
and glutamate make up more than half of the total amino acids, being
present at concentrations of about 1.4 and 0.3 mM respectively. Taurine is
also present at a fairly high level (0.3 mM). The nutritional significance of
these observations is not yet clear.

Protein Precursors—The Transport of Amino Acids into Mammary Alveolar
Cells

Milk proteins are synthesized from amino acids derived from the blood
stream. From measurements of the arterial, venous, and milk concentrations
of amino acids as well as mammary blood flow,”? it is possible to determine
what proportion of plasma amino acids are directly utilized in the synthesis
of milk proteins. Methionine, histidine, phenylalanine, tryptophan, and
tyrosine appear to be quantitatively transferred to milk protein while valine,
isoleucine, lysine, threonine, and arginine are partially oxidized within the
alveolar cell. The uptake of nonessential amino acids is quite variable and
many of these appear to be synthesized within the gland. Whether amino
acid supply is a limiting factor in milk synthesis is presently unknown,
although as much as 70% of certain essential amino acids (methionine,
phenylalanine) have been shown to be extracted from the blood during a
single passage through the mammary gland of goats.”

The mechanism by which free amino acids enter milk has received no
systematic study. The high level of glutamate in human milk as well as the
observation, made in the course of a study of monosodium glutamate
ingestion in humans, that milk glutamate was not changed when plasma
glutamate levels varied from 40 to 310puM,”* indicate that some mechanism
exists for active transport of glutamate into milk. On the other hand, an
increase in plasma phenylalanine due to ingestion of a sweetening agent, L-
aspartyl-L-phenylalanyl methyl ester, was followed by an increase in phen-
ylalanine levels in milk,”® suggesting that other amino acids may find their
way passively into the milk space.

Synthesis and Processing of Milk-Specific Proteins

Current research on the synthesis and secretion of milk proteins includes
some of the most exciting in the field. Within the last decade reconstituted
cell-free systems have become available in which the synthesis and processing
of specific proteins can be followed under controlled conditions. The
application of these techniques to the synthesis of milk proteins’®~%° has
shown that the initial product derived from the translation of casein and a-
lactalbumin mRNA contains an extra sequence of 16 to 28 primarily
hydrophobic amino acids at the N-terminal called a signal peptide (Fig. 8). If
membrane fractions containing endoplasmic reticulum are included in the
synthesizing system, the proteins are “processed” by removal of this signal
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peptide and the authentic molecules are sequestered within the cisternae of
the membrane vesicles.” This type of observation has been interpreted to
mean that the signal sequence triggers the binding of the mRNA/ribosome
complex to membranes of the rough endoplasmic reticulum, thereby initi-
ating the vectorial transfer of the nascent protein into the ER cisternae.?!
Because transfer does not occur if the membranes are added after protein
synthesis is complete, transport appears to coincide with translation and is
called cotranslational processing. Since the signal sequence is coded for by
nucleotides in the mRNA and complementary bases in the parent DNA,
both the fate and the structure of the secreted proteins is under genetic
control.

A second type of processing, N-glycosylation, or the transfer of a mannose-
rich oligosaccharide from a lipid carrier to an arginine residue of the nascent
polypeptide (N-glycosylation) also takes place in the rough endoplasmic
reticulum. Again the reaction appears to occur as the protein crosses the
rough endoplasmic reticulum membrane3?®? and is often called core glycosy-
lation. The addition of sugars to milk proteins is specific to particular proteins
and is variable between species. k-Casein is the only casein which contains
carbohydrate residues.*”-3* In vitro glycosylation has been observed during
the cell-free synthesis of a-lactalbumin and casein,’®”® suggesting that core
glycosylation of milk proteins takes place in the rough endoplasmic reticulum.

After sequestration in the rough endoplasmic reticulum, the proteins
are rapidly transferred to the Golgi system, possibly by small, smooth-
surfaced vesicles located peripherally to the Golgi membranes.”®® After
transfer of the polypeptide to the Golgi apparatus, additional processing
results in the partial removal of mannose residues and addition of other
monosaccharides in an O-glycosyl linkage between serine or threonine and
N-acetyl-galactosamine.®® Other modifications which take place within the
Golgi system include phosphorylation and casein micelle formation.

Casein is phosphorylated®”-®® by an enzyme, casein kinase, associated
with the Golgi membrane fraction.®® The reaction is

Casein + ATP — Casein-PO4 + ADP (D

and has been shown to be catalyzed by a cAMP-independent casein kinase
obtained from mammary Golgi membranes.*®*° The amino acid sequence
of the first 12 residues of the N-terminus of human B-casein is®!:

5 10
NHg-Arg-Glu-Thr-Ile-Glu-Ser-Leu-Ser-Ser-Ser-Glu-Glu- (2)
| | |
P P P P P

Phosphate groups appear to be added to threonine and serine residues, two
residues to the left of either glutamate or serine.”? Note that the heavy
concentration of glutamic acid and phosphorylated residues gives the amino
terminus a strong negative charge which is probably responsible for the
calcium binding capacity of the casein micelle. Phosphorylation of human
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B-casein is heterogeneous and 6 forms of the protein containing 0 to 5
phosphate groups have been identified in human milk.** Greenberg et al.,”!
showed that the addition of the phosphate residues is nonrandom, occuring
in the order 10 or 9, then 8, 6, 3. Residues 3, 6, and 8 are not phosphorylated
by casein kinase isolated from bovine mammary glands, suggesting that
another kinase or a kinase of different specificity may be responsible for this
reaction in the human.

The final step in casein processing is the formation of the casein micelle.
Although the physical chemical basis of micelle formation is still a matter of
controversy,?”** it is clear that both hydrophobic bonds between the casein
monomers and electrostatic interactions of Ca?* and PO~ with charged
residues on the proteins are involved. Waugh and Talbot®® proposed that k-
casein stabilized the micelle by adsorption to its surface, a postulate in accord
with recent data that indicates that the fraction of k-casein in the micelle is
directly proportional to its surface area.”®

Regulation of Milk Protein Synthesis

Under many in vivo conditions, the amount of milk protein in the
mammary gland is roughly correlated with the amount of mRNA present.®”%®
This also appears to be the case in vitro in short-term explants® suggesting
that much of the control of milk protein synthesis resides in the control of
mRNA levels. In these systems, the accumulation of casein mRNA in the
presence of prolactin appears to result from both an increase in the rate of
transcription of mRNA and a decrease in its degradation rate.*”'*’ Because
maximal casein mRNA levels were observed in the absence of casein synthesis
just prior to birth in rats, it is likely that translational control mechanisms
are also present.'’! Casein itself was found to be degraded in mammary
gland explants incubated in the absence of hormone, but not when insulin,
prolactin, and cortisol were present, suggesting that protein degradation
may be utilized to regulate the proportion of protein actually secreted.'? It
thus appears that hormonal regulation of milk protein synthesis and secretion
occurs at several levels including mRNA transcription and degradation as
well as protein synthesis and degradation. The mechanism by which these

processes are coordinated presents an interesting challenge for future
research.

Immunoglobulin Secretion

Although IgG is present in high concentrations in the colostrum of
ruminants the predominant immunoglobulin in human milk is polymeric
IgA to which a protein known as secretory component is attached (see Chapter
7 for a more complete description of this molecule and its function). Current
evidence® %1% indicates that IgA synthesized in plasma cells in the interstitial
spaces of the mammary glands combines with a large, transmembrane form

of secretory component in the basolateral membrane of the mammary alveolar
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cell. After transport of the complex to the apical membrane, the luminal
portion of the complex is cleaved releasing the mature secretory component-
IgA complex. It is not clear whether secretory IgA is released directly into
the alveolar lumen or whether it first enters the Golgi to be secreted with
other milk proteins via exocytosis.

Conclusion

The structure of the major milk proteins in rodents and ruminants and
the mechanisms of their synthesis and secretion are well understood at this
time. In the near future, we can expect structural comparisons between the
milk proteins of various species to provide insight into the details of
mammalian evolution. Since the enzymatically active sites of those proteins
which also act as enzymes are likely to show great evolutionary stability,
interspecific sequence comparisons may allow identification of such sites.”® "9
In addition the availability of well-characterized DNA complementary to the
casein, a-lactalbumin and mRNAs of several species'?3~'% allows examination
of the structure of the milk protein genes and the control of their mRNAs.
The stage is thus set for rapid progress toward understanding the genetic
mechanisms regulating milk protein synthesis. Finally, there is considerable
evidence that the synthesis of the various milk proteins is independently
regulated. For example, a-lactalbumin is synthesized in the guinea pig
mammary gland at parturition, but casein is not,'’" and cortisol has differ-
ential effects on the accumulation of a-lactalbumin and casein in explants
from the midpregnant mouse mammary gland.''® The unravelling of the
differential control mechanisms involved should provide fascinating insights
into the molecular basis of the regulation of milk protein synthesis and
secretion.

THE SYNTHESIS OF MILK SUGARS

The disaccharide lactose, the major sugar in milk, is synthesized within
the Golgi secretory vesicle system of the mammary alveolar cell.*®!'! In
addition to the female mammary gland, the sugar is synthesized only in a
very few plants in low concentrations.’® Because the Golgi membrane is
impermeable to lactose, the disaccharide draws water osmotically into the
milk spaces and in most mammals the rate of lactose synthesis serves as the
major control of the volume of milk produced. Certain arctic aquatic species
secrete very low concentrations of lactose®”; in such species the major caloric
content of milk is provided by lipid (Fig. 9), and milk volume is determined
primarily by the rate of secretion of lipid and monovalent ions.

In addition to lactose, human milk contains smaller quantities of both
monosaccharides and complex oligosaccharides. The major monosaccharides
are glucose and galactose, both present at concentrations of 3 mM or
less.!'21!3 More than 50 oligosacharides, containing three to eight or more
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Figure 9. Relation between milk lactose
content and milk fat content. Representa-
tive data from Jenness.®® 1 hedgehog, 2
water shrew, 3 short-tailed shrew, 4 fringed
myotis, 5 long-nosed bat, 6 Mexican free-
tailed bat, 7 domestic rabbit, 8 Eastern
cottontail, 9 squirrel monkey, 10 green
monkey, 11 rhesus monkey, 12 orangutan,
13 chimpanzee, 14 human, 15 Eastern grey
squirrel, 16 beaver, 17 hamster, 18 rat, 19
house mouse, 20 guinea pig, 21 dog, 22
wolf, 23 yezo brown bear, 24 otter, 25 cat,
26-32 various types of seal, 33 Indian
elephant, 34 horse, 35 zebra, 36 rhinoceros,
37 pig, 38 giraffe, 39 moose, 40 reindeer,
41 cow, 42 goat, 43 sheep, 44 spotted
porpoise, 45 blue whale, 46 humpback
whale. Circled numbers represent primates,
triangles represent rodents, squares rep-
resent species living in or near the ocean.

monosacharide subunits have been identified and characterized in human
milk.!'?'4-117 The components of these oligosaccharides are glucose, gal-
actose, fucose, N-acetylglucoseamine, and sialic acid. Most have a lactose at
the reducing end, suggesting that they result from the action of Golgi-
associated glycosyl transferases on lactose.''* The structure of the oligosa-
charides in human milk varies with the ABO or Lewis blood type of the
individual.!1%118

In this section, the utilization of glucose by the mammary gland will be
reviewed briefly followed by a discussion of lactose synthesis and its regula-
tion. Earlier work has been reviewed by Ebner and Schanbacher,!!? Brew
and Hill,*® and Jones.!'®

Glucose Utilization in the Mammary Gland

In the mammary gland of nonruminants, glucose serves as the major
substrate for both lactose and lipid synthesis. In the ruminant, glucose
appears to be used only in lactose synthesis and in the pentose phosphate
pathway (see below) to provide NADPH for fatty acid synthesis.!?° Acetate
supplies most of the carbon atoms for fatty acid synthesis as well as for
energy metabolism. _

The diagram in Fig. 10 shows the major pathways involved in glucose
metabolism. Glucose enters the mammary alveolar cell from the extracellular
space utilizing mechanisms that are not yet well defined. A portion of the
glucose entering the cell goes directly to the Golgi apparatus where it
combines with UDP-galactose to form lactose. The rest is converted to
glucose-6-phosphate by hexokinase. Glucose-6-PO, has three possible fates:
conversion to pyruvate via glycolysis, entry into the pentose phosphate
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Figure 10. The major pathways of glucose utilization in the mammary alveolar cell.

1.Glycolysis
2.Pentose Phosphate Pathway
3.UDP-Galactose Formation

pathway, and formation. of uridine-diphospho-galactose (UDP-galactose).
Pyruvate, which can also be formed from lactic acid in the mammary gland'?’
enters the mitochondria where it is either oxidized to CO; via the tricarboxylic
acid cycle or transformed into citrate which passes back into the cytosol and
serves as a substrate for fatty acid synthesis.

Synthesis of UDP-Galactose

Three steps are necessary for the conversion of Glucose-6-PO4 to UDP-
galactose:

Glucose-6-PO4 « Glucose-1-PO4 (3)
Glucose-1-PO, + UTP < UDP-Glucose + PO, 4)
UDP-Glucose «> UDP-Galactose (5)

These reactions are catalyzed by phosphoglucomutase, glucose-1-PO4 uri-
dyltransferase, and UDP-glucose 4-epimerase, respectively. These reactions
are thought to be at equilibrium under the conditions prevailing within the
cytosol'?? and are, therefore, not considered to be rate limiting for lactose
synthesis.

The Pentose Phosphate Pathway

This pathway, in which the 1-carbon of glucose is oxidized to COz with
the formation of NADPH from NADP, is highly active in tissues which
synthesize fatty acids because the NADPH is necessary to provide reducing
equivalents. The ribulose-5-phosphate formed in the pentose phosphate
pathway is transformed to ribose-5-phosphate which can be used for nucleo-
tide synthesis or recombined through a complex series of transformations'?®
to glucose-6-phosphate which is then reutilized by any of the three pathways.
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Lactose Synthesis

The Golgi enzyme complex, lactose synthetase, catalyses the formation of
lactose using the overall reaction (See Fig. 11):

UDP-Galactose + Glucose — Lactose + UDP (6)

The complex consists of two components, a membrane-bound enzyme,
galactosyl transferase, and a regulatory protein, a-lactalbumin. Galactosyl
transferase is found in the Golgi membranes of many tissues where it
catalyzes the transfer of galactosyl groups from UDP-galactose to carbohy-
drate groups of glycoproteins. Although it is capable by itself of catalyzing
the lactose formation, normally it does not do so because the Michaelis
constant (Kn) for glucose is too high (~ 1 M). The binding of the regulatory
protein, a-lactalbumin, to galactosyl transferase increases the affinity of
galactosyl-transferase for glucose (to a K,, ~ 1 mM) so that lactose formation
can occur under physiological conditions. Galactosyl transferase is found in
many tissues; it is the presence of the milk-specific protein, a-lactalbumin,
that confers special properties on the mammary enzyme as shown by the
observation that galactosyl transferase derived from onion tips can synthesize
lactose in the presence of a-lactalbumin.>®

The molecular mechanism of lactose synthesis has been the object of
intense study for over a decade.’®''?'?* The reaction is activated by metal
ions which bind to two sites on galactosyl transferase. Mn** binds with high
affinity to metal Site I, stabilizing the active conformation of the enzyme'?®:

7

Co®*, Zn?*, and Cd%* can all substitute for Mn2* at Site I but Ca?*

2+

Enzyme + Mn*" — Mn-Enzyme
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cannot.'?>!2% A second metal ion, probably Ca®* in vivo, and UDP-galactose
add to a site at some distance from the first, structural metal site.!2®

UDP-gal

/
Mn-Enzyme + Ca?* + UDP-gal - Mn* Enzyme (8)
AN

Ca

The calcium probably forms a bridge between the enzyme and the substrate.
The K4 for calcium binding at Site II is about 2 X 1072 M, about equal to
the calcium concentration thought to be present within the Golgi vesicles.
Mn?* can substitute for Ca®™* at this site and is generally used as an activator
in n vitro studies of galactosyl transferase. However, the affinity for Mn?*
at Site II is in the millimolar range'?® suggesting that it is not the ion bound
under physiological conditions. In a final step, a-lactalbumin (a-LA) and
glucose then add to the enzyme-UDP-galactose complex apparently in
random order,'?” each synergistically increasing the affinity of the enzyme
for the other.

UDP-gal
/
Mn-Enzyme + a-LA + Glucose —

AN
Ca

UDP-gal
/
Mn-Enzyme ‘a-LA-Glucose (9)
AN

Ca

a-Lactalbumin also contains two metal binding sites that are probably liganded
with Ca?* under physiological conditions since their dissociation constants
are about 3 X 1077 mole and 3 X 107% M.'?* When all substrates are
present on the enzyme, the galactose and glucose are linked in a 1,4 B-
glycosidic bond and the lactose thus formed is released from the enzyme
followed by release of a-lactalbumin then Ca and UDP:

UDP-gal
/
Mn-Enzyme ‘a-LA-Glucose —
AN
Ca

Mn:Enzyme + Ca + o-LA + UDP + Lactose (10)

The product UDP is a good inhibitor of the reaction; the mechanism by
which it is removed from the Golgi system is discussed below.

The hypothesis of Brew'?® that lactose synthesis takes place within the
cisternae of the Golgi apparatus was given firm experimental support by the
studies of Kuhn and White'!'! in which most of the lactose synthesized in a
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crude “particulate” fraction of rat mammary gland was found to be occluded
within membrane vesicles. In later experiments using more purified Golgi
membrane fractions, Kuhn and White'?® found that a nucleoside diphos-
phatase in the vesicles, probably thiamine diphosphatase, hydrolyzes UDP
to UMP and P;. This reaction is thought to perform the dual functions of
reducing the concentration of UDP in the Golgi so that it does not inhibit
lactose synthesis and converting the impermeant UDP to UMP to which the
Golgi membrane is permeable (Fig. 11). The UMP and P; thus formed return

to the cytoplasmic compartment where they are utilized in the resynthesis of
UDP-galactose.

Regulation of Lactose Synthesis

Although small quantities of lactose are made within the mammary
glands of some species prior to parturition, the onset of copious milk secretion
(lactogenesis Stage 11, see Chapter 4) is brought about by a rapid increase in
lactose synthesis.'?! For this reason and because the regulation of the rate
of lactose synthesis must underlie the day-to-day regulation of milk produc-
tion, the control of lactose synthetase, which performs the rate-limiting step
in lactose synthesis, has been a subject of continuing interest. At present,
only several possible mechanisms by which lactose synthetase itself may be
regulated can be listed. Which of these are of physiological significance, and
under what conditions, remains for future investigation.

The lactose and a-lactalbumin contents of milks of various species are
generally proportional,'?? suggesting that the concentration of a-lactalbumin
in the Golgi may regulate the rate of lactose synthesis. This is supported by
the recent observation of Nicholas et al.'** (Fig. 12) that the lactose and a-
lactalbumin concentrations of rat milk are correlated throughout the first 20
days of lactation. However, on weaning at 20 days, the concentration of o-
lactalbumin increased, while that of lactose dropped precipitously, suggesting
that a-lactalbumin is not the only factor controlling lactose synthesis.
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Powell and Brew'?® suggested that the calcium concentration in the
Golgi vesicles might regulate the rate of lactose synthesis. In vitro, galactosyl
transferase requires about 4 mM Ca?* for maximum activity. Millimolar
concentrations of calcium within the Golgi must be maintained by active
transport of calcium from the calcium-poor cytosol presumably by an ATP-
dependent calcium transport system.'* If the activity of the transport system
were subject to biological regulation, it could in turn regulate the rate of
lactose synthetase through control of the calcium concentration within the
Golgi.

The concentration of glucose appears from presently available data to
be limiting for lactose synthesis.'*>1%® Moreover, in recent experiments in
starved goats, the rate of lactose synthesis was directly proportional to the
glucose concentration in the milk.''* Because the milk glucose is thought to
be equal to the concentration of glucose in the mammary alveolar cell, this
finding suggests that lactose synthesis may be regulated by the intracellular
glucose concentration. How the latter is regulated is not yet known.

Conclusion

The biochemical mechanisms of lactose synthesis and their localization
within the lumen of the Golgi membranes have been firmly established.
Much remains to be learned about the molecular interactions involved in the
control of lactose synthetase. Currently, the concentrations of a-lactalbumin,
calcium, and glucose within the Golgi system all remain potential candidates
for regulation of the rate of lactose synthesis. The possibility that all three
interact to determine the rate of lactose synthesis under a given physiological
condition should be given serious consideration.

SECRETION OF CALCIUM, PHOSPHATE, AND CITRATE INTO MILK

In the previous sections, we have discussed the secretion of lactose and
proteins into milk, both functions mediated by the Golgi secretory vesicle
system. There is good evidence that milk calcium, phosphate, and citrate
also reach milk via this system.'3”'*® How many other substances are secreted
via the Golgi system is not known, although it is suspected to be the source
of the nucleotides in milk.!*® In this section, we will discuss certain aspects
of calcium, phosphate, and citrate secretion followed by a discussion of the
possible role of calcium in the regulation of milk secretion. Although
magnesium is present in human milk at a concentration of 1.4 mM,'® nothing
is known about the mechanism of its secretion.

Milk has long been known to provide a rich source of dietary calcium
and phosphate. However, the mechanisms by which these abundant elements
reach milk have received concentrated attention only within the past decade,
a time during which the study of calcium metabolism in many types of cells
has mushroomed. Both substances exist in two forms in milk, soluble and
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bound to casein. The latter can be precipitated by ultracentrifugation. Soluble
calcium can be further subdivided into free or ionized calcium and calcium
complexed with citrate and phosphate ions. In most species, the human
being one of few exceptions, the largest proportions of calcium and phosphate
are bound to casein. However, human milk has very little casein and only
about 40% of the calcium and phosphate in human milk is casein-bound.'®
Human milk also has the lowest total calcium and phosphorus contents of
any species whose milk has been analyzed.'**'*! On the other hand, our
recent analyses'*? suggest that the ionized calcium in human milk, 3 to 4
mM,'#? is about twice that in bovine milk, (2 mM).'** Recent longitudinal
studies in women'*! show a clear decline in the total calcium and phosphorus
content with duration of lactation, a 30 to 40% decrease being reported in
women lactating longer than 18 months (see also Jenness'®). The mechanism
and significance of these decrements are unknown.

The Role of the Golgi Secretory Vesicles in Calcium Secretion

The observation that a large proportion of the calcium and phosphate
in most milks is bound to the casein micelle suggested that the majority of
these substances might be secreted via the exocytotic mechanism responsible
for casein secretion. Although it has been inferred that the Golgi membrane
is permeable to phosphate (see Fig. 11), no studies of the mechanism of
phosphate transport in this system have appeared.

Physiological, morphological, and biochemical evidence support the
hypothesis that calcium secretion is mediated by the Golgi system. In
physiological experiments in goats, the time course of both calcium and
phosphate secretion was shown to be consistent with secretion via exocyto-
sis.’®” The assembly of the casein micelle within the Golgi-derived secretory
vesicles was observed with the electron microscope in the early 1970s.'4%.14%
Because micelle formation requires millimolar concentrations of calcium,®®
it can be inferred that the Golgi system in the mammary gland contains a
calcium concentration more than three orders of magnitude higher than
that of the cytoplasm, probably less than 1 wM. Biochemical evidence for
the existence of an active transport mechanism for calcium which moves
calcium up this gradient into Golgi membranes was first obtained by
Baumrucker and Keenan'#® in membrane fractions from bovine mammary
gland. Subsequent work in other laboratories'**'*” has confirmed the
presence of ATP-dependent calcium accumulation in Golgi-derived vesicles
from mice and rats. Calcium transport appears to result from the activity of
a calcium-activated ATPase which has a K, for calcium in the micromolar
range. Like similar enzymes in both the SR and red cell membranes, the
activity depends on the presence of magnesium.'*® The reaction mechanism

appears to involve a phosphorylated intermediate with a molecular weight
of ~ 100,000.'%*
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Possible Regulatory Activities of Calcium in the Mammary Gland

An increase in cytosolic calcium is known to be associated with stimulus-
secretion coupling in a wide variety of secretory cells.*? It is reasonable to
postulate that a sustained small increase in cytosolic free calcium accompanies
the onset of copious milk secretion at parturition. However, there are no
studies of the mammary gland which allow this hypothesis to be evaluated.
It is clear that at least two Golgi enzymes, galactosyl transferase and casein
kinase, require millimolar concentrations of calcium for activation, raising
the possibility that certain aspects of milk synthesis may be regulated by the
amount of calcium transported into the Golgi vesicles.

THE SECRETION OF MILK LIPID

The lipids in milk supply essential fatty acids and other fat-soluble
factors and make an important contribution to the energy content of milk.
The approximately 4% fat content of human milk supplies about 40% of
the total calories.'*® Most (98%) of the lipid in milk consists of triglycerides
contained in a membrane-bound fat droplet called the milk fat globule. Other
lipid constituents of milk include cholesterol, phospholipids, vitamin A,
vitamin E, vitamin D, and a large number of minor lipids. Most of these are
also found in the fat globule. One-half to two-thirds of milk phospholipids
are found in the membrane of the milk fat globule; the rest are complexed
with proteins present in the skim milk.

Both fatty acids and glycerol for triglyceride synthesis can be obtained
from the blood stream or synthesized by the mammary alveolar cell using
pathways outlined below. The proportion of fatty acids actually synthesized
in the mammary gland is strongly influenced by diet. In women eating a
normal western diet in which 40% or more of the calories are taken in as
fat, only 20% of the fatty acids of the milk are made in the mammary gland.
The remainder are derived from the fatty acids of the diet and their
composition reflects that of the dietary fatty acids. With high carbohydrate
diets, on the other hand, 40% or more of the milk fatty acids are synthesized
in the mammary gland, many of them in the form of the medium chain
lauric (C12) and myristic (C14) acids unique to milk. In this section, we will
discuss the lipid composition of milk in some detail followed by an outline
of the biochemical mechanisms involved in milk synthesis and secretion. For
an excellent and comprehensive review of the biochemistry of milk fat
synthesis, the reader is referred to Bauman and Davis.!®' More recent
findings have been summarized by Dils and co-workers,'*?-1%® Mayer,!5*
Smith,'%® and Hardie.'*®

The Composition of Milk Fat

Milk lipids are a major source of concentrated high energy substrate for
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proteins and carbohydrates must be secreted with sufficient water to render
them iso-osmotic with plasma they supply only 30 to 65 kcal/g milk.>® The
proportion of milk fat varies from species to species and an inverse relation-
ship can be seen between the fat and the lactose contents of various milks.5®
In arctic aquatic mammals, a high milk fat content allows transfer of a large
amount of energy from mother to pup without the transfer of the quantities
of water that would accompany the transfer of these calories in the form of
lactose or protein. This is important in a sea water environment where the
isotonic body fluids of the mother must be maintained at metabolic expense.
On the other hand, it might be argued that the large amount of water
necessary for secretion of human milk with its high lactose content represents
an adaptation to the high loss of transpired water experienced by infants in
the tropical environments where the human species is thought to have
originated.

The fat content is the most variable constituent of human milk, changing
both within a single feed (Fig. 13) and diurnally.'®” Milk fat is thought to be
secreted continuously, but foremilk, obtained early in a feed, has a lower fat
content (1 to 2 g/100 ml) than hindmilk, obtained toward the end of the
feed (4 g/100 ml). This change in fat content may result from adsorption of
fat globules to the walls of the alveoli with displacement only when the gland
is nearly empty of milk. The longer term or diurnal variations in milk fat
content demonstrated by Hytten'>” may be based on variations in secretion
rate. Data exist which suggest that the milk fat content is decreased in poorly
nourished mothers, although malnutrition probably has a greater effect on
milk volume than composition.'*®

The fatty acid composition of milk lipids varies with both species and
diet (Figs. 14 and 15). Given a normal diet in a Western nation, the two most
prevalent fatty acids in human milk are palmitic (Ci6) and oleic (C;s)
acids.'®*11162 Elephant and rabbit milks contain a large proportion of
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Figure 14. Major fatty acids in the milk fat of several species. Human data is mean + S.D.
from analysis of milk from 60 Australian women, days 40 to 45 of lactation.!*® Data on cow
(Holstein) from Breckenridge and Kuksis,'®® data on elephant and rabbit from compilation of
Jenness.%®

medium chain fatty acids (Cg and C,0) and ruminant milk, a significant
proportion of short chain fatty acids (C4 and Ce) to mention only a few
examples (Fig. 14). In a series of elegant studies on the goat, Linzell and his
colleagues” showed that all fatty acids with a carbon chain of 14 atoms or
less as well as a portion of the C,¢ fatty acids are synthesized in the mammary
gland whereas longer chain fatty acids are derived from the plasma. This
appears to be the rule in all species where it has been studied.

Diet affects the fatty acid composition of human milk in three ways (Fig.
15): (1) On high-fat diets, the ratio of saturated to unsaturated fatty acids
reflects the ratio of these fatty acids in the diet. For example, a corn oil diet
with a high proportion of unsaturated fatty acids leads to an increase in
unsaturated fatty acids in the milk compared to a diet high in animal
fats.!61:163.164 (9y On low-calorie diets, the fatty acid composition of the milk
reflects the composition of the body lipid stores which are mobilized to
provide substrate for triglyceride synthesis in the mammary gland.'®' (3) On
high carbohydrate, low-fat diets of adequate caloric content, the proportion
of medium chain fatty acids in the milk is higher, reflecting increased fatty
acid synthesis within the mammary gland and decreased reliance on dietary
or body fat as a source of milk triglycerides. The high proportion of medium
chain fatty acids in the milk of many malnourished women'®® should be
regarded as part of a normal adaptation to a diet low in lipid, rather than a
symptom per se of an inadequate diet.

It is of some interest that, with the recent increase in the use of corn oil
and other sources of polyunsaturated fatty acids in the American diet, the
proportion of polyunsaturated fatty acids in milk from women on free choice
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Figure 16. The sources of carbon atoms for fatty acid synthesis. Enzymes: ® Pyruvate
dehydrogenase, @ ATP citrate lyase, ® Acetyl-CoA carboxylase. For details of reactions, see
Bauman and Davis.'?’

diets appears to have increased from about 8% in 1959 to about 16% in
1977.164168 Tt is not known what, if any, long-range nutritional effects may
result from this chronic dietary alteration.

Fatty Acid Synthesis in the Mammary Gland

Fatty acids are synthesized from acetyl-CoA by a series of reactions
catalyzed by acetyl-CoA carboxylase and fatty acid synthetase. The reactions require
ATP and reducing equivalents in the form of NADPH. In this section, the
pathways which generate acetyl-CoA and NADPH will be summarized
followed by a discussion of fatty acid synthesis and the unique thioesterases
in the mammary gland which are responsible for the presence of medium
chain fatty acids in the milk. Finally, the regulation of fatty acid synthesis
will be briefly outlined.

The Sources of Acetyl-CoA for Fatty Acid Synthesis

In most nonruminants, the primary source of carbon atoms for the
synthesis of Acetyl-CoA (Fig. 16) is glucose which is transformed to pyruvate
by glycolysis or the pentose phosphate pathway. Pyruvate enters the mito-
chondrion, probably at least partly in exchange for citrate,'®” and is trans-
formed into acetyl-CoA by the complex pyruvate dehydrogenase. Because acetyl-
CoA itself cannot traverse the mitochondrial membrane, it enters the first
step of the tricarboxylic acid cycle forming citrate which enters the cytoplasm
to be transformed by the enzyme ATP citrate lyase to acetyl-CoA again. Lactate,
leucine, and alanine can also be used as sources of carbon atoms.'2!168 n
ruminants and certain other species like the rabbit, where portions of the
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GI tract are enlarged to allow bacterial fermentation of sugars, acetate is the
predominant substrate for fatty acid synthesis, being activated to acetyl-CoA
in the cytosol of the mammary epithelial cell.'?!

The Generation of NADPH

Fatty acid synthetase has an absolute requirement for reducing equiva-
lents in the form of NADPH. Three different pathways generate NADPH:
the pentose phosphate pathway, the “malate transhydrogenation cycle,” and
NADP isocitrate dehydrogenase (Fig. 17). In rodent mammary tissue, the
first two pathways appear to be most important with the pentose phosphate
pathway providing at least half the reducing equivalents necessary for fatty
acid synthesis.'®® The NADP™* isocitrate pathway has high activity in species
which rely on acetate as a source of carbon atoms for fatty acid synthesis.'!:16°

The time course of citrate entry into milk in goats is similar to the time
course of lactose entry, suggesting that this substance is secreted via the
Golgi apparatus.'®® A recent demonstration that Golgi membranes are
permeable to this anion supports this hypothesis.'** Studies in goats (cited
in Peaker et al.'”) indicate that the citrate concentration in milk is inversely
proportional to the rate of mammary synthesis of fatty acids. Since citrate is
used to provide reducing equivalents for fatty acid synthesis, the implication
of the inverse relationship is that cytosolic citrate levels are higher when
NADPH is not being formed and this is reflected in milk citrate levels.
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Fatty Acid Synthesis from Acetyl-CoA

Two enzymes, acetyl-CoA carboxylase and fatty acid synthetase, are
involved in the conversion of acetyl-CoA to fatty acids via the reactions:
Acetyl-CoA + COq

Acetyl-CoA carboxylase
+ ATP

Malonyl-CoA + ADP + P; (11)
Acetyl-CoA + 7Malonyl-CoA + 14NADPH

+ 14H* 2y 2dd synthetdse . poimitic acid (Ci6) + 7CO2 + 8CoA  (12)
+ 14NADP* + 6H:0

Acetyl-CoA carboxylase catalyzes the formation of malonyl-CoA from acetyl-
CoA and, as such, carries out the first committed step in the synthesis of
fatty acids. Fatty acid synthetase catalyzes a sequence of seven or more
reactions which together add two carbons, derived from malonyl-CoA, to a
fatty acid acyl chain. The reaction is initiated by the binding of acetyl-CoA
or butyryl-CoA to the enzyme complex,'”! followed by addition of malonyl-
CoA. The chain remains covalently attached to the enzyme at the end of
each cycle and is available for the successive addition of two more two-carbon
units from malonyl CoA. Each cycle requires two molecules of NADPH. The
interested reader is referred to recent work by Dodds and co-workers'’2 for
molecular details of the reaction.

In liver and adipose tissue, when the fatty acid attains a size of 16
carbons or more, synthesis is terminated by a deacylase, thioesterase I. This
integral part of the fatty acid synthetase complex terminates synthesis by
removing the completed molecule from the enzyme. The cytosol of mammary
epithelial cells of rats, mice, and rabbits is unique in containing a medium
chain acylthioester hydrolase, thioesterase I1I, which terminates fatty acid
synthesis after the addition of 8 to 14 carbons.'*®!%? Fatty acid synthetases
from ruminants as well as rabbits and guinea pigs also synthesize the short
chain fatty acids, butyrate (C4) and hexanoate (Cg).!”®

Regulation of Fatty Acid Synthesis

Because the synthesis of fatty acids is energetically expensive, it is not
surprising that it is subject to several types of regulation. Long-term regulation
involves modulation of the amount of enzyme present in the cell. Around
parturition, for example, the amounts of key enzymes like pyruvate dehy-
drogenase, ATP-citrate lyase, acetyl-CoA carboxylase and fatty acid synthe-
tase increase several-fold to meet the lipogenic demands of milk formation.'%2
Studies of fatty acid synthetase in explant cultures showed that the hormonal
combination of prolactin, cortisol, and insulin not only increased the rate of
synthesis of the enzyme but also decreased its degradation rate, suggesting
multiple control mechanisms involving both protein synthesis and degrada-
tion.'®*'7* The various enzymes involved in fatty acid synthesis in the
mammary gland appear to be regulated independently. For example, the
level of thioesterase II increased dramatically during gestation in the rat, but
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reached a maximum prior to parturition, whereas levels of fatty acid
synthetase began to increase only after parturition (Fig. 18).'”® Elucidation
of the difference between the mechanisms regulating the levels of these two
enzymes should offer insight into the molecular mechanisms by which
hormones regulate protein synthesis during mammary differentiation.

Lipid synthesis in the mammary gland is rapidly decreased by
starvation'?%17%=178 a5 well as by changes in the plasma levels of prolactin
and insulin. Such short-term regulation likely depends on modulation by
both allosteric effectors and phosphorylation-dephosphorylation cycles.!®®
Both pyruvate dehydrogenase'”” and acetyl-CoA carboxylase have received
considerable attention as possible sites for such regulation. Both have been
shown to be inactivated by phosphorylation'®®!7 and in the case of pyruvate
dehydrogenase, the decreased activity observed after a 24-hr starvation of
rats correlated well with the level of phosphorylation of the enzyme.!”® The
roles of allosteric regulators and substrate availability in these rapid adap-
tations have yet to be critically evaluated.

Lipoprotein Lipase and the Extraction of Lipids from Plasma

Plasma triglycerides are the source of as much as 80% of human milk
fat. The mechanism by which the fatty acids and glycerol components of
these triglycerides are extracted from plasma has received extensive study
by Scow and his associates.'®® Lipids are transported through the blood
stream primarily in the form of chylomicra (Fig. 19), spherical particles up
to 0.5 pm in diameter containing about 92% triglyceride'® and lesser
amounts of cholesterol esters, phospholipids, and cholesterol associated with
lipoproteins. After the chylomicra bind to capillary endothelial cells, lipo-
protein lipase, an enzyme thought to be localized on the surface of the
vascular endothelium, removes the fatty acids from positions 1 and 3 of tri-,
di-, and monoglycerides. The free fatty acids either enter the blood stream
or diffuse through the subendothelial space into the mammary cell. The
diglyceride is further hydrolyzed to 2-monoglyceride and free fatty acid.
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Figure 19. The mechanism of triglyceride transfer from plasma into milk fat.

Both enter the subendothelial space and are taken up by the mammary cell
where they are used for the subsequent synthesis of triglycerides.

Lipoprotein lipase is present in large amounts in the mammary glands
of lactating rats; its activity decreases rapidly with forced weaning or
hypophysectomy.'®! Activity can be restored in hypophysectomized rats with
prolactin injections'®? indicating that the enzyme is under hormonal control.
There appears to be a reciprocal relation between the lipoprotein lipase
activity of the mammary gland and that of adipose tissue in lactating
rats'81:182.184 55 that adipose tissue loses much of its ability to extract lipids
from the plasma during lactation.

Triglyceride Synthesis

The major precursors for triglyceride synthesis are glycerol-3-POy,
monoglycerides, and fatty acyl-CoA.'?* Glycerol-3-POy arises either from
glycolysis via the reduction of dihydroxyacetone phosphate or from the
phosphorylation of glycerol. The first step in triglyceride formation is the
acylation of the free hydroxyl groups in glycerol-3-PO, with two fatty acyl
molecules (Fig. 19). The resulting phosphatidic acid is then dephosphorylated
to give a diacylglycerol. The diacylglycerol then combines with a third
molecule of fatty acyl-CoA to give a triacylglycerol. Monoacylglycerides
arising from the partial hydrolysis of triglycerides can be acylated directly
without the formation of phosphatidic acid as an intermediate.

Cholesterol Secretion into Milk

Mammary tissue has the capacity for de novo synthesis of cholesterol. It
is not clear, however, what proportion of milk cholesterol arises from such
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de novo synthesis and what proportion is derived from the plasma. From in
vivo studies on goats, Long et al.'®® concluded that only about 20% of milk
cholesterol was synthesized in the gland, the remainder deriving from plasma.
On the other hand, experiments in rats'®® suggest that milk cholesterol is
largely synthesized in the mammary gland in this species.

Reported values for the cholesterol content of human milk show wide
variability from laboratory to laboratory.'” Further, the literature is contra-
dictory about the dependence of milk cholesterol levels on plasma and dietary
cholesterol.'#®189 In rats,'®® both plasma and milk levels of cholesterol were
increased on high cholesterol diets. On the other hand, most recent work
suggests that the cholesterol content of human milk is relatively constant.'®®
A possible exception may be found in the work of Mellies et al.'®® who
reported a case of a woman with homozygous familial hypercholesterolemia
with a 16-fold increase in milk cholesterol. The authors suggest that this
represents either an increased extraction of plasma cholesterol or a lack of
regulation of mammary cholesterol synthesis. Clearly, reliable values for milk
cholesterol under a variety of conditions will be necessary before any
conclusions can be drawn about the regulation of milk levels.

The concentration of plant sterols (phytosterols), sterols which are not
synthesized in animal tissues, were found by Mellies and co-workers'®® to be
correlated with both their dietary intake and plasma level. This observation
raises the possibility that mammary cells are able to distinguish between the
phytosterols whose milk concentration is highly variable and cholesterol
whose secretion appears to be somewhat more constant.

Phospholipids

A major portion of the milk phospholipids are associated with the milk
fat globule membrane. These appear to arise from de novo synthesis in the

mammary gland.'®’ The origin of the milk fat globule membrane was
discussed in Section 2.

Milk Lipases

Human milk contains substantial amounts of a lipase which is inactive
in fresh milk but can be activated by bile salts. Hernell and his co-workers!®*
have shown that a bile-salt-activated lipase, so far detected only in human and
gorilla milks,'9? is responsible for this activity. This lipase, which has a
molecular weight of 90,000, may constitute as much as 1% of the protei~ of
human milk. Both its molecular weight and its inhibition by di-isopropyl
fluorophosphate identify this enzyme as a lipase distinct from pancreatic
lipase and lipoprotein lipase.

Bile-salt-activated lipase is postulated to play an important role in the
digestion of lipids in the neonate since its activity is sufficiently high in the
presence of bile salts to completely hydrolyze milk fat to free fatty acids and
glycerol within 30 min.'®* Activation is thought to occur in the duodenum
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on interaction with bile salts that also render the enzyme resistant to intestinal
proteases. The enzyme is inactivated by pasteurization.

Lipoprotein lipase is also present in human milk at highly variable concen-
trations.'9*19% It can be distinguished from bile-salt-activated lipase because
it is stimulated by serum and inhibited by NaCl and protamine. Nonbile-salt-
stimulated lipase was recently found to be present at high concentrations in
milk from five women whose infants had breast milk jaundice.® The authors
postulated that the fatty acids freed by this enzyme in the stomach of the
neonate inhibited bilirubin metabolism in the infant’s intestine. Insufficient
biochemical data is currently available to determine whether this activity
represents lipoprotein lipase or some other molecule.

Conclusions

The biochemical pathways involved in lipid synthesis are now well
worked out and have been summarized in this section. Both the short- and
long-term regulation of milk lipid synthesis are exciting considerable current
interest, the former because phosphorylation~dephosphorylation cycles ap-
pear to be involved; the latter because the regulation of protein synthesis is
a topic of wide interest. Because milk fat content and composition are affected
by diet, the elucidation of the regulatory mechanisms involved may have
considerable practical value in developing optimal diets for lactating women.
Another important aspect of lipid secretion and digestion is the role and
regulation of lipases, both in delivery of fatty acids to the mammary cell and
in lipid digestion by the infant.

THE SECRETION OF MONOVALENT IONS AND WATER INTO MILK

Since milk is isoosmotic with plasma, the net transfer of water from
plasma to the alveolar lumina is directly proportional to the transfer of
solute. We have already discussed the secretion of lactose which makes up
two-thirds of the osmolarity of human milk and thus accounts for a large
proportion of the water transferred into the mammary secretion. Another
one-sixth of the osmolarity is contributed by the monovalent ions whose
secretion will be discussed in this section and the remainder by proteins and
other osmotically active substances such as citrate, magnesium, glucose, and
so forth.

Transcellular Ion Transport

Experiments, largely carried out on goats, have shown that disaccharides
such as sucrose and lactose’®” as well as the divalent ions calcium and
phosphate'®” do not move freely between the plasma and milk spaces. These
observations provide strong evidence that, during full lactation, milk for-
mation is a transcellular process. As such it is likely that the secretion of
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Figure 20. Ton transport and potentials in the mammary alveolar cell. The upper portion shows
ion concentrations in the milk and mammary cell as measured in the guinea pig by Linzell and
Peaker'?® along with the model for monovalent ion secretion into milk postulated by Peaker."2°!
The lower portion of the diagram shows that the transepithelial potential, which has been
measured to be — 16 to —32 mV in the goat, is equal to the difference between the apical and
basolateral membrane potentials.

monovalent ions into milk is mediated by the epithelial cells. Careful
measurements of the sodium, potassium, and chloride concentrations in the
mammary tissues of guinea pigs'®® and other species* show that, like most
cells, mammary cells have a high intracellular potassium content and lower
sodium and chloride (Fig. 20). Although the sodium content of mammary
cells appears to be higher than that of most cells,!®® the monovalent cation
concentrations appear to be maintained by a Na/K ATPase probably localized
in the basolateral membrane of the mammary alveolar cell.?%°

Because ion concentrations in the alveolar cells are quite different from
milk (Fig. 20), the secretion of ions into milk is most likely controlled by
processes taking place at the Golgi, vesicular, and apical membranes of the
alveolar cells. The anatomical structure of the mammary gland makes direct
measurement of the transport properties of the apical membrane extremely
difficult and studies on monovalent ion transport in Golgi and vesicular
membranes are limited.** Our understanding of these processes rests,
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therefore, largely on inferences drawn from indirect measurements. For
example, it can be inferred that the apical membrane is permeable to
monovalent ions because isotopic species of these ions, infused up the teat
in goats, tend to disappear from the milk space.’®” That these ions can move
passively across this membrane has been further inferred from the obser-
vation that when isotonic sugar solutions are infused up the teat, again in
the goat, ions are drawn down their concentration gradients into the milk
space. Because these ion movements appear to be faster than ion secretion
during milk formation, it is likely that ions equilibrate across the apical
membrane. Finally, an electrical potential of —15 to —40 mV, milk space
negative, has been measured between the milk space and the blood in goats®®!
and mice (Berga and Neville, unpublished data) indicating that the electrical
potentials across the apical and basolateral membranes of the mammary
alveolar cell are different as illustrated in the lower portion of Fig. 20. The
inference to be drawn is that the ion permeabilities and/or electrogenic pump
processes are different in the two membranes.

Peaker* has presented a model which suggests that ionic concentrations
in milk are achieved as follows: As lactose is synthesized and secreted, water
is drawn into the Golgi vesicles and alveolar lumina to maintain isotonicity.
Sodium, potassium, and chloride tend to follow down their concentration
gradients. However, ionic movement is limited. In the case of cations, the
apical electric potential opposes flux into the milk space so that equilibrium
is attained with the sodium and potassium concentrations in milk lower than
in the cell. A chloride pump in the apical membrane moves chloride from
the alveolus back to the cell, maintaining the milk chloride concentration at
a low level. This model predicts that the ratio of sodium to potassium in
milk is equal to their ratio in the cytoplasm of the mammary alveolar cell, a
prediction which appears to be borne out in many species.'*

Further testing of this hypothesis will require the development of model
systems in which the apical membrane can be subjected to more direct
experimental examination. One such system which shows considerable prom-
ise is the culture of mammary cell monolayers on floating collagen gels.?°?
Bisbee?*® has been able to make electrical measurements on such systems
mounted in a classical Ussing chamber and has obtained potentials between
—10 and —-25 mV, apical side negative, which responded to prolactin.
However, because these cultures did not secrete lactose, it is difficult to relate
Bisbee’s measurements to the physiological mechanisms of ion secretion into
milk. Wicha and his colleagues®*®* have recently developed a culture system
for mammary tissue in which a high degree of mammary function, including
lactose synthesis, is maintained by culturing mammary alveoli on an extra-
cellular matrix actually derived from the mammary gland itself. This achieve-
ment may represent a major breakthrough in our ability to study transepi-
thelial transport in a functioning i vitro model system of the mammary
epithelium.
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Paracellular Ion Transport

As we discussed in the introduction to this chapter, the ionic composition
of human colostrum is quite different from that of mature milk, colostrum
containing 50 to 60 mM each of sodium and chloride whereas mature milk
contains only about 6 mM sodium and 12 mM chloride (Fig. 2). The
concentrations of these two ions are inversely related to the lactose concen-
tration (Fig. 2), an observation which has been well documented in the goat
and guinea pig.!* Several lines of evidence suggest that transport via
paracellular pathways is responsible for the high sodium and chloride
contents of colostrum: (1) In goats, the transfer of disaccharides between
milk and blood can be measured during pregnancy but not during lacta-
tion."” (2) No electrical potential difference can be measured between the
blood and the milk space during pregnancy in the goat.?*' (3) In the early
postpartum period, there is a positive correlation between the rates of
potassium and lactose entry into the mammary secretion (see Fig. 3). Peaker'*
has shown that such a positive correlation is expected when the junctional
complexes are open. Later in lactation, when the junctions are closed, a
negative correlation between the concentrations of potassium and lactose is
found. (4) During early lactation, high concentrations of the milk-specific
protein, a-lactalbumin, were observed in the plasma of women, suggesting
that the protein passed from the milk spaces to the blood via the paracellular
pathway?* (Fig. 7, Chapter 5). The plasma concentration of a-lactalbumin
fell between days 3 and 10 as the milk composition assumed the characteristics
of true milk; this observation is consistent with closure of the junctions at
this time. (5) Freeze-fracture studies of the junctional complexes between
mouse mammary alveolar cells are consistent with leaky tight junctions
during pregnancy and tight junctions during lactation.?® Thus, the presence
of “leaky” tight junctions during pregnancy and the first few days of the
puerperium can be regarded as well established.

The mechanisms by which the permeability of the paracellular pathway
is controlled are only beginning to be explored. It has been observed in
sheep and goats that prepartum milking brings about a change in the
composition of the mammary secretion toward that of true milk.'*” Because
the hormonal milieu of the mammary gland was unchanged by this process,
this observation suggests that some factor in the mammary secretion seques-
tered within the alveolar lumina maintains leaky tight junctions during
pregnancy. This factor may accumulate during mammary infections and
when milk is no longer removed from the breast, bringing about a return to
a more colostrum-like secretion. The nature of the factor is unknown. It
may be physical in nature, for example, flattening of the epithelial cells by
sequestered secretion products,?’® or it may be a chemical. Maule Walker2®’
found that infusion of a stable prostaglandin into the udder of a parturient
goat prevented closure of the junctional complexes and suggested that the
function of the rather large amounts of PGFa, secreted in the mammary
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gland may be to regulate the junctional complexes. Neville and Peaker®’®
found that infusion of calcium chelators into the udder of a lactating goat
brought about a rapid increase in the permeability of the paracellular
pathway, raising the possibility of a regulatory role for calcium as well.
Although in vive studies can offer some insight, it is clear that studies in in
vitro model systems will be necessary for elucidation of the mechanisms
involved in the regulation of the permeability of the junctional complexes.

Conclusions

The mechanisms that maintain the ionic composition of mammary
secretions present a number of interesting challenges to the investigator.
However, the experimental materials available until very recently did not
lend themselves to the types of experiment required because none allowed
direct investigation of the properties of the apical membrane. If a milk-
secreting mammary culture on a substratum such as a collagen gel were
available, classical Ussing-type techniques could possibly provide increased
insight. On the other hand, more sophisticated microelectrode techniques
applied in vivo to the glands of species whose mammary glands contain small
amounts of connective tissue, such as the mouse, may also allow more
definitive studies. It is clear that more advanced techniques will be required
for further progress in this area.

TRACE ELEMENT SECRETION INTO MILK

The trace element content of milk is well balanced compared to many
foods, making milk a high quality source of these nutrients. Although the
mineral content of milk has been repeatedly measured, little attention has
been paid to the cellular mechanisms of secretion. Most research interest has
been addressed to those elements for which deficiencies have been observed
in breast-fed infants or infants fed only milk formulas for extended periods,
e.g., iron, copper, and zinc. Iodine has also been studied because the iodine
content of milk can become excessive on high dietary intakes. Recent interest
in the transfer of selenium to milk in dairy animals has resulted from
approval in 1977 of selenium as a feed additive.

Iron

The iron content of human milk is low relative to nutritional require-
ments and neonates are thought to draw on the extensive reserves generally
present at birth.?® The iron that is present in human milk is tightly bound
to the protein lactoferrin. Binding by other proteins such as casein and
transferrin may be quantitatively more important in some species. The high
affinity for iron (K, = 10%°) and relative unsaturation of lactoferrin means
that negligibly low concentrations of free iron can be present in milk.
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Although lactoferrin appears to be synthesized in the mammary alveolar
cell,* the mechanism of iron transfer from serum proteins to milk proteins
has not been investigated.

Zinc

Zinc is the most abundant trace element in milk, making it an excellent
dietary source of the element. Moreover, the zinc content of human colostrum
is eight times higher than that of mature milk.?'° The possibility of zinc
deficiency in preterm infants was raised by Dauncey et al.2!' who found that
such infants fed on pooled human breast milk were in negative balance until
the sixtieth day of life.

The study of the milk zinc content was stimulated by the rare genetic
disease acrodermatitis enteropathica (AE) in which a deficiency results from
the inability of infants to absorb zinc from cows’ milk. The symptoms can be
alleviated by supplementing the diet with zinc sulfate?'? or human milk. A
low molecular weight zinc-binding ligand in human milk appears to increase
zinc bioavailability by mimmicking a factor normally secreted in the gut, but
is absent in very young infants and patients with AE.?'?> The nature of this
ligand has been the subject of considerable controversy.?'*?'® Cousins and
Smith?'® proposed that milk zinc is preferentially bound to high molecular
weight proteins that are saturated at the zinc levels present in milk. Excess
zinc then binds with lower affinity to various low molecular weight substances.
Since the total zinc content of human milk is quite similar to that of bovine
milk, the difference in zinc bioavailability may be the result of zinc binding
to bovine casein where it may be less available for absorption.

An acrodermatitislike syndrome has been reported for two breast-fed
infants whose mothers secreted low-zinc milk.?'” In these mothers, milk zinc
did not increase in response to increased dietary zinc, as has been seen in
animal studies,?'® although a higher zinc intake did result in increased serum
zinc. The impaired zinc transport in the mammary glands of these individuals
suggests that a specific zinc transport system exists in the mammary gland.
Active transport of zinc from blood to milk is also suggested by comparison
of ultrafilterable zinc in the two fluids. Although the serum?'® and milk?'
zinc levels in humans are similar at about 4 months lactation (84 + 13 and
80 + 10 ug/dl, respectively), only 2% of plasma zinc is ultrafilterable whereas
more than 12% of milk zinc is in this form. However, the mechanism of
transport across the mammary epithelium has not been studied.

Iodine

Studies on iodine secretion into milk have stemmed from concerns about
concentration of radioactive iodine in milk produced by animals grazing
pastures contaminated by radioactive fallout, as well as about excess iodine
in milk of animals undergoing treatment for various diseases. Active accu-
mulation of iodide in milk is evident from concentration data. The milk to
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plasma concentration ratio ranges from 1.8 in cows to 39 in sheep.??” In
man and laboratory animals, the concentration of milk iodine is 20 to 30
times higher than plasma.?*! In plasma, 58% of the iodine is protein bound,???
whereas only 13% of the iodine in cows milk is protein bound.?**

The transport of iodine into milk is inhibited by anions which inhibit
the iodide pump in the thyroid, such as perchlorate, fluoroborate, and
thiourea.?** Jodide accumulation in milk is not dependent on the continuation
of milk secretion,?*® as shown by an experiment in which one-half of a cow’s
udder was not milked for 24 hrs, stopping milk secretion. Eight hours
following an intravenous dose of '*'I, total and exchangeable '*'I accumu-
lation in milk from the unmilked side was greater than the total in the milk
from the normally secreting side. These observations suggest that an iodide
pump on the basolateral membrane like that present in the thyroid moves
the ion against a concentration gradient into the cell. Iodide would then
enter milk by direct transfer across the apical membrane.

In vitro work indicates that iodine binds to tyrosine in milk protein
during storage in the udder due to enzymatic oxidation of iodide.??®
Thiouracil-type drugs, which block iodination of tyrosine, do not prevent
establishment or maintenance of high milk to plasma iodine ratios,??®
providing evidence that iodination of tyrosine is not important in iodine
secretion into milk.

Selenium

The selenium which normally occurs in milk is primarily bound to casein
or other proteins, however, its chemical form is, as yet, unknown.??” Selenium
may be added to milk proteins during their synthesis and processing or it
may be transported across the mammary alveolar cells with subsequent
addition to preformed proteins. Milk proteins will bind a reduced form of
selenium (hydrogen selenide) which is presumably similar to the oxidation
state of plasma selenium.??® Selenite anion, a more oxidized selenium
compound, does not bind to milk under physiological conditions of temper-
ature and pH.??® The time course of secretion following an IV dose of
labeled selenite is consistent with the hypothesis that the liver rapidly clears
selenite from the blood, reduces it, and resecretes it in a form that is taken
up by the mammary gland and bound to milk protein in the Golgi and
secretory vesicles.?%’

Much of the selenium in plant materials is in the form of the sulfur
amino acid analogs, selenocysteine, and selenomethionine. Although the
mammary gland is likely to handle these compounds in a manner similar to
cysteine and methionine, the low content and uneven distribution of these
compounds in milk proteins makes it unlikely that selenoamino acids are the
major selenium compounds in milk.

Sulfur

Sulfur may be transported primarily in the amino acid form, although
there are other sulfur compounds of importance in milk. Dimethyl sulfide,
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a catabolite of sulfur amino acids in some organisms, is readily transferred
into milk, and is responsible for occasional “off” flavors in bovine milk.23°

Cobalt

The only known physiological function of cobalt in mammals is as the
catalytic center of the vitamin B2 coenzyme. Vitamin B, transport into milk
appears to be controlled by a specific binding protein which accumulates in
the mammary gland prior to lactogenesis, is at high concentration in colostrum
and declines and plateaus during later lactation.***° This pattern is parallel
to the actual concentration of vitamin B2 in milk.

Conclusion

A decline in concentration during the course of lactation (or between
colostrum and true milk) has been shown for zinc, copper,?'! manganese,?3!
and other trace elements,?*? suggesting that specific or nonspecific protein
binding may be important in the mechanism of transport of many of the
trace elements into milk. Even those minerals which are partly found in
association with milk fat (iron, copper, molybdenum) are likely to be
components of proteins in the milk fat globule membrane. Minerals in the
aqueous phase of milk are in equilibrium with protein-bound forms and
other smaller ligands. Thus, with the possible exception of zinc and iodine,
the primary mechanism of transport of trace minerals into milk is likely to
be by binding to specific or nonspecific carrier proteins. The mechanisms of
transport across the various mammary cell membranes, and the locations at
which mineral-protein binding occurs are generally unknown. Considering
the importance of minerals in the nutritional quality of milk, more work on
this problem is clearly warranted.

MILK SECRETION—QUESTIONS FOR THE FUTURE

The biochemical events responsible for the synthesis and secretion of
many of the major components of milk have been firmly established during
the last decade. Thus, the enzymes and biochemical pathways by which milk
proteins, lipids, and lactose are synthesized are now well understood and
have been outlined in this chapter. The current areas of excitement are the
genetic control of milk synthesis, the elucidation of the molecular mechanisms
through which hormones and other regulatory agents exert their control
and the mechanisms by which many of the synthetic products are transferred
from one intracellular membrane system to another. Techniques are available
to solve most of these problems so that substantial progress can be expected
in the next decade.

For the mineral constituents of milk, the situation is much less clear.
Without an experimental system that allows direct access to the apical
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membrane of the mammary alveolar cell, it has been difficult to approach
the mechanisms of monovalent ion secretion. Somewhat more is known
about calcium and phosphate, but again the approach has largely been
indirect. On the other hand, virtually nothing is known about the mechanisms
of magnesium and bicarbonate secretion. Advances in this area probably
depend on the development of new model systems, a prospect which is now
on the immediate horizon.

Finally, when one considers the minor constituents of milk, trace
elements, vitamins, hormones, and cofactors, it becomes apparent that even
reliable compositional data is often unavailable, although these substances
are of great nutritional significance. The first order of business in this area
must be good longitudinal studies of the concentrations of minor components
throughout the course of human lactation. Once such studies are well
underway, it will become important to determine the mechanisms by which
these substances are secreted into milk. The practical consequences of such
knowledge are great: It will become possible to detect and possibly remedy
specific deficiences of minor milk components. Moreover, identification of
the pathways through which drugs and environmental pollutants enter milk
should become feasible, enabling a rational approach to drug therapy in
women who breast-feed. Much more extensive research is necessary if we
are to assure that every breast-fed infant receives milk of the highest possible
nutritional value.
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