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Abstract

Mammary gland development starts during prenatal life, when at designated positions along the ventrolat-
eral boundary of the embryonic or fetal trunk, surface ectodermal cells coalesce to form primordia for
mammary glands, instead of differentiating into epidermis. With the wealth of genetically engineered mice
available as research models, our understanding of the prenatal phase of mammary development has
recently greatly advanced. This understanding includes the recognition of molecular and mechanistic par-
allels between prenatal and postnatal mammary morphogenesis and even tumorigenesis, much of which
can moreover be extrapolated to human. This makes the murine embryonic mammary gland a useful
model for a myriad of questions pertaining to normal and pathological breast development. Hence, unless
indicated otherwise, this review describes embryonic mammary gland development in mouse only, and
lists mouse models that have been examined for defects in embryonic mammary development. Techniques
that originated in the field of developmental biology, such as explant culture and tissue recombination,
were adapted specifically to research on the embryonic mammary gland. Detailed protocols for these tech-
niques have recently been published elsewhere. This review describes how the development and adaptation
of these techniques moved the field forward from insights on (comparative) morphogenesis of the embry-
onic mammary gland to the understanding of tissue and molecular interactions and their regulation of
morphogenesis and functional development of the embryonic mammary gland. It is here furthermore
illustrated how generic molecular biology and biochemistry techniques can be combined with these older,
developmental biology techniques, to address relevant research questions. As such, this review should
provide a solid starting point for those wishing to familiarize themselves with this fascinating and impor-
tant subdomain of mammary gland biology, and guide them in designing a relevant research strategy.

Key words Mouse embryo, Mammary gland development, Techniques, Mouse models, Explant cul-
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1 Introduction

Already around 350 BCE Aristotle had documented that some but
not all terrestrial and marine animal species have special milk-
producing glands, usually with a teat or nipple as outlet, to which
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the newborn can latch on for its feeding [1]. In some species he
observed those glands only in females, in other species in both
males and females [1], but even though males may lactate, e.g., in
bats [2, 3] only females were observed to nurse the young. Perhaps
this explains why these glands are called “mammary glands,” as a
referral to the word “mama” or “mamma” for mother. Over 2000
years later, Linnaeus used the possession of mammary glands as the
defining feature for a separate Class of animals, named Mammalia
after the mammary gland [4].

Mammary glands are apocrine glands that reside on the ven-
tral side of the trunk of adult mammals; most often they are pres-
ent in pairs of which the singletons are displaced more or less
symmetrically away from the ventral midline. In monotremes
(platypus and echidna), each gland exists as one lobule budding
off a single duct which is connected to a hair shaft [5]. Due to its
small size, its milk producing capacity is low. Furthermore, in the
absence of nipple or teat, the milk seeps out along the hair to be
licked up by the newborn [6]. This type of gland and mode of
excretion may reflect ancestral glands that birds used to moisten
their eggs [5, 7], but it is relatively inefficient for nursing new-
borns. The low milk production per gland and wastage of milk is
compensated by a high number (between 100 and 150 pairs) of
glands in monotremes.

Mammary glands of marsupial (e.g., kangaroos) and placen-
tal (e.g., humans, whales) mammals have a large internal surface
of secretory cells, owing to reiterated branching of the primary
duct. Moreover, as all the milk of one gland drains to one teat or
nipple from which the newborn can suckle, milk spillage is mini-
mized. This generally ensures sufficient milk production per
gland to feed one newborn. Compared to monotremes, marsupi-
als and placentals can therefore do with fewer mammary glands.
Indeed, their number of pairs of mammary glands ranges between
1 and 25 [8], in a correlation close to 1 for “average litter size”
to “number of mammary gland pairs” across species [9]. With
their maximum litter size seldom exceeding twice the average lit-
ter size, this ratio generally still leaves one gland available per
newborn.

Interestingly, even if the number of mammary gland pairs is
the same between some species, the location of these glands
may differ between these species. For example, elephants,
humans, and horses each have one pair of mammary glands,
which is located at the chest in elephants and humans, but near
the hind leg in the horse. This variation in position of the glands
along the anteroposterior body axis seems to correspond to
habitat, method of rearing, and degree of maturity of the oft-
spring at birth [6].

Why would it be relevant to study the prenatal phase of mam-
mary gland development? First of all, the mother’s milk is the only
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source of nutrients for the newborn, and provides antibodies and
other immune support as well until the newborn’s own immune
system becomes active [10-12]. Though humans may substitute
their own breast milk by formula, most formula is still a dairy
product. As such, mammary glands are directly crucial to the sur-
vival of mammalian species; and indirectly as well, through the
close bond that nursing forges between the newborn and its
mother. Even though the gland’s milk-producing function is not
required before adulthood, almost all aspects of mammary mor-
phogenesis and functional differentiation already take place before
birth. It is therefore not surprising that throughout the centuries,
zoologists found the prenatal phase of mammary gland develop-
ment important for study.

Moreover, almost all aspects of mammary morphogenesis and
functional differentiation already take place before birth, only to
be reiterated or enhanced postnatally under the influence of
puberty and pregnancy hormones. Downstream of these hormones
seem to act many of the signaling cascades that regulate prenatal
mammary development [13-16]. Even stem cells, which are
required to regenerate the mammary gland with each pregnancy,
are already present in the prenatal gland [17-19]. As the prenatal
mammary gland is relatively accessible for experimentation and is
less complex in tissue composition than the adult mammary gland,
it may be a practical additional or alternative research model for
research questions pertaining to development of the postnatal
mammary gland.

The regulation of the variation in number and position of the
mammary glands raises additional interesting questions for devel-
opmental biologists about regulatory mechanisms creating this
variation. For the high degree of similarity in shape and function
between the multiple pairs of mammary glands in for example cats
or pigs would suggest these glands are mere copies of each other.
Yet the variation in number and position of glands between and
even within species, and the heritable propensity for having too
few or many mammary glands in for example sheep, pigs, humans,
and macaques [20-26] indicates that each mammary gland must
have some unique genetic component or protein activity that
determines whether its development will be initiated and contin-
ued or not. Insights in these differences between the pairs and even
between the left and right counterparts of each pair [27 ] may affect
our thinking about the extrapolation of results obtained with one
gland to other glands.

Of particular interest are the parallels in tissue interactions
and molecular activity between prenatal mammogenesis and
mammary tumorigenesis and metastasis [28-33]. Although bet-
ter screening, care and treatment options for breast cancer have
improved survival chances for patients with breast cancer over the
past twenty years, this cancer is still the second leading
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cancer-related cause of death for women worldwide [34, 35].
Progress in finding even better therapies is impeded by the wide
heterogeneity in the molecular mechanisms of the wide variety of
breast cancer types, only 2—10% of which seems to have a familial
component [36, 37]. As embryonic mammary glands are less
complex and heterogenecous in tissue composition than adult
mammary glands and tumors, and are easily accessible and avail-
able, new candidates for nonfamilial forms of breast cancer may
be identified through the study of prenatal mammary gland
development [28, 38].

For obvious reasons of ethics, human fetuses are insufficiently
available for such studies. Comparative studies from the past have
revealed that prenatal mammary gland development in rabbit
embryos closely resembles that in human fetuses [ 39 ]. Nonetheless,
currently most research on prenatal mammary glands is done in
mice, and some of the techniques are optimized for use on his
research model in particular, despite a few morphogenic differ-
ences in mammary development between men, rabbit, and mice
[40, 41]. The choice for mice is largely based on the wealth of
genetically engineered mice becoming available since 1989 [42].
Several of the genes that have so far been identified as regulators of
early mammary gland development in the mouse embryo are
known to also underlie defects in prenatal mammary development
in humans [33, 43, 44]. Those findings validate the use of mouse
embryos as a model for human prenatal mammary development.

Therefore, this review focuses primarily on mammary develop-
ment in mouse embryos. It takes the approximate chronological
order in which techniques were developed and used to study devel-
opmental biology, as a basis to describe how insights were gained
in the different aspects of mammary gland development in mouse
embryos.

2 Macroscopic and Microscopic Aspects of Prenatal Morphogenesis

of the Mammary Gland in Mouse

From the mid-nineteenth century onwards there has been a steady
stream of publications pertaining to embryonic mammary gland
development in a broad variety of mammalian species. The earliest
studies were based on macroscopic analysis of embryos to assess
the number, positions, and external morphology of mammary
glands, and microscopic analysis to study tissue composition and
internal morphology of mammary glands at different embryonic
ages.

Determination of embryonic age: For many species, embryos
were obtained by chance without knowledge of the onset of
pregnancy and age of the embryo. Size (e.g., crown—rump length)
or weight measurements of embryos of different mothers were
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used to assess the relative chronological age between embryos of
different pregnancies. Although this is a helpful method in the
absence of knowledge of the onset of pregnancy, size and weight
are not precise determinants of (relative) chronological age, due
to the normal variation in size and weight of embryos at any
given developmental age.

Already in the early nineteenth century, rats, rabbits, and
mice were kept in captivity for research purposes [45]. In captiv-
ity, the onset of pregnancy can be controlled. If the day—night
(light—dark) cycle is kept regular, female mice in estrous will ovu-
late at around the middle of dark time, and produce more phero-
mones that entice the male to copulate. Copulation results in
production of a sturdy white vaginal plug in the female that
remains present for about half a day. Nowadays, in a laboratory
setting, the middle of the dark time is often conveniently set to
be around midnight. Therefore, noon of the day a vaginal plug is
observed, is usually considered embryonic day 0.5 (E0.5), assum-
ing copulation resulted in a pregnancy. The female is then sepa-
rated from the male, and monitored for signs of pregnancy.
Embryos are collected at the desired age for study. Embryos of
the same pregnancy, thus same chronological age, will differ in
their true developmental age. The relative developmental stage of
embryos within one batch can be assessed by their progress in a
developmental process that is particular for that chronological
age, ¢.g., the number of somites between E8 and E12, and num-
ber of branches of the salivary gland at E13, unless one compares
wild type embryos with littermates that carry a genetic mutation
that disturbs the developmental process that is used for staging.
Note that in the older literature, and occasionally in current pub-
lications, the progress of pregnancy is counted only in full days,
and some may consider the day a plug is observed as embryonic
day 0 (EO), while others consider it day 1 (E1). This may lead to
small discrepancies in the literature regarding the timing of mor-
phogenetic events of mammary morphogenesis. The different
speeds of embryonic development between different mouse
strains may be another source of small discrepancies in the litera-
ture regarding the timing of morphogenetic events.

Histology: Early descriptions of the murine mammary glands
were based on microscopic analysis of histology, for which
embryos were treated with a fixative, dehydrated, embedded in
wax, and sliced into sections with a minimum thickness of' 4 pm,
and stained with a variety of chemical solutions to facilitate the
recognition of different cell or tissue components (nucleus,
cytoplasma, extracellular matrix fibers, etc.) [45-48]. From
around the 1970s—-1980s, histology was also performed on fro-
zen sections, or specimens were embedded in a plastic or epoxy
resin, to cut semi-thin (1 pm) sections which provide a higher
resolution of intracellular structures [49, 50]. Such histological
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2.1 Brief Overview
of Macroscopic

and Microscopic
Aspects of Embryonic
Morphogenesis

studies led to most of the insights about morphogenesis as
described further below.

Electron microscopy: From the 1970s onwards a few studies
incorporated scanning electron microscopy of whole embryos to
analyze changes on the surface of the embryo associated with
mammary development [51-541].

Microscopy of whole glands: Embryonic skins can also be peeled
off the embryo and mounted on a microscope slide for examina-
tion of gross morphology of the rudimentary glands under bright
field stereoscopy. When the skin is peeled off sufficiently thin,
transmitted light allows recognition of the rudimentary gland
without further treatment of the specimen. After E16.5 the mouse
epidermis becomes keratinized and subdermal fat develops.
Visualization of the mammary rudiments (MRs) can then be
enhanced by defatting and staining the skins with carmine alum
[52, 53], according to a protocol routinely used for adult mam-
mary glands [55].

3D-reconstruction of mammary rudiments. Recently, the appli-
cation of bioinformatics and image analysis to digital images of
histological preparations, or optical sectioning of intact fluores-
cently labeled MRs has allowed to generate 3D-constructions of
complete series of (optical) serial sections through mammary rudi-
ments [54, 56-58]. Ditferent tissue components or differently
labeled cell types can be identified manually or automatically,
allowing measurements of volume, and proportions of different
cell populations as well as recognition of regionalized distribution
of specific cell populations within the MR [54].

This section will only briefly describe the morphogenetic stages
in mouse embryos, just to introduce the terminology and con-
cepts of the field and facilitate the understanding of the subse-
quent passages of this current review. For more details on
morphogenesis, the reader is referred to previously published
reviews [41, 47,53, 59].

Mammary gland development takes place along the ventrolat-
eral boundaries in the surface ectoderm (i.e., the prospective epi-
dermis) of the embryonic trunk. One could draw an imaginary line
called mammary line or milk line (ML) extending from axilla
(armpit) and inguen (groin) along both boundaries (Fig. 1). These
boundaries are histologically detectable in the surface ectoderm as
the junctions between squamous cells on the ventrum (belly) and
cuboidal cells on both flanks.

In the course of the tenth day of mouse embryogenesis (E10.5),
cuboidal cells along the two MLs first elongate to a columnar shape,
rapidly followed by multilayering [45, 60, 61]. This cell elongation
and multilayering occurs in three separate mammary streaks per
ML: One extends between the forelimb and hindlimb and is
approximately 30 cells wide, while separate streaks develop in the
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Fig. 1 Position of the mammary line and rudiments in embryo and adult. The /eft two panels show mouse
embryos at E11.75 and E12.5, hybridized with a Wnt70b probe which visualizes the mammary line (between
arrows) and rudiments (numbered). The inset cartoon shows how the mammary line extends from axilla, along
the flank, to inguin. In adult mice and humans imaginary mammary lines can still be drawn more ventrally,
connecting all sites where mammary glands reside, normally five pairs in mouse and one pair in human, but
occasionally supernumerary mammary glands develop at other sites as indicated with open circles. In mouse,
the embryonic mammary rudiments are usually numbered as pairs 1 through 5 in anteroposterior order, but in
adult mice the glands may be indicated by individual number (1-10), or position on the trunk. f/ forelimb, h/
hindlimb. Adapted from ref. [27], with permission

axilla and inguen [61]. This marks the onset of mammogenesis.
These streaks extend towards each other, and ultimately represent
one continuous histologically detectable mammary line on each
flank (Fig. 1). In species like rabbit, the MLs rapidly become
clevated above the surface ectodermal landscape and are therefore
called mammary ridges [41, 51]. At designated positions along the
left and right ML, mammary glands will develop as symmetrically
located pairs, of which the number varies in a species-dependent
manner. They undergo a series of morphological changes or stages
with each their own name as described below and depicted in Fig. 2.
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Fig. 2 Stages of mouse mammary morphogenesis in female embryos. Mammogenesis starts with the induc-
tion of mammary streaks which fuse into a continuous line from E10.75 onwards (shown as a lateral view on
the flank of a TOPGAL-F stained E11.5 embryo) while at designated positions placodes are formed asynchro-
nously before E12. Histological sections of TOPGAL-F stained embryos and cartoons with the blue TOPGAL-
positive domains, illustrate how the epithelial mammary placodes transform to hillocks and spherical buds that
are first raised above the landscape of surface ectoderm (ec), but by E13.5 they subside below the surface. By
then, some mammary rudiments have acquired a bulb-shape, and a few layers of contiguous dermal mesen-
chyme (dm) condense around all buds/bulbs to become mammary mesenchyme (mm). By E14.5, subdermal
mesenchyme differentiates into the dense fat pad precursor. Then the neck area of the mammary epithelium
begins to differentiate and forms a funnel-shaped indentation as the future outlet of the milk canal. Around
E16, the tip of the bud/bulb breaks through the mammary mesenchyme and invades the fat pad precursor,
while a nipple sheath develops at the neck area. Within a day, branching morphogenesis and canalization
occur, such that the mammary gland resembles a miniature mammary gland before birth, as shown with a
carmine-red stained fragment of an E18.5 skin with gland. Adapted from refs. [41, 53], with permission

The embryonic mammary gland(s) may be called mammary pri-
mordium (primordia), mammary anlage(n), or mammary
rudiment(s) (MRs) in reference to any developmental stage or none
in particular. They include the mammary epithelium (ME), mam-
mary mesenchyme (MM), and fat pad (FP), as these tissues develop
in an interdependent manner.

In mouse embryos, multilayering is advanced in one subdo-
main per mammary streak and at the subaxillary and suprainguinal
junction of these streaks. Between E11 and E12, five pairs of lentil-
shaped mammary placodes arise in the axillae (MR1), at a subaxil-
lary position (MR2), at the level of the diaphragm (MR3), at a
suprainguinal position (MR4), and in the inguinae (MRS5).
Intriguingly, they arise asynchronously, not in numerical order, and
independently of each other [41, 52, 53, 61, 62]. By increased
multilayering, each placode becomes a hzllock within half a day,
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slightly elevated in the ectodermal landscape [45]. Each hillock
grows larger and changes shape into a spherical bud between E12
and E13, still elevated above the adjacent ectoderm [53]. During
that day, the ML disappears as a histologically and molecularly
detectable entity [60], but even at later stages the name mammary
line may still be used to refer to the imaginary line that connects all
mammary glands on one flank.

Subsequently the buds invaginate deeper into the underlying
dermal mesenchyme, such that they are no longer elevated above
the ectodermal landscape [45,47, 53, 63]. From bud-stage, some
MRs simply elongate (MR2, MR4, and MR5) while in MR1 and
MR3, the proximal part which connects to the overlying ectoderm,
takes on the shape of a narrow neck, such that these MRs each
resemble a bulb (MR1 and MR3) [54]. Meanwhile, the contiguous
layers of dermal mesenchyme condense concentrically and difter-
entiate into a specialized fibroblastic mesenchyme called dense or
primary mammary mesenchyme or simply mammary mesenchyme
(MM) by E13.5 [64]. Between then and E15.5 the mesenchyme
around the neck of the MRs in male embryos condenses. The
spherical part of most/all MRs becomes disconnected from the
epidermis and nipples fail to form in males [45, 47]. In most mam-
malian species including human such drastic sex-specific differ-
ences do not occur.

In E13.5 female mouse embryos the MRs remain intact and
continue to grow, though slowly, over the next two days.
Meanwhile, around E14.5, a subdermal layer of mesenchyme
condenses and differentiates into the secondary mammary mesen-
chyme or dense fat pad precursor (FP) consisting of presumptive
adipocytes, fibroblast, endothelial cells, nerve cells, and perhaps
other cell types [65]. By E15.5 rapid proliferation of ME cells
provides a growth spurt particularly at the distal end of each bulb
[46], which elongates and breaks through its surrounding basal
lamina and primary mammary mesenchyme. At that time, the
position of the MR is outwardly visible as a funnel-shaped depres-
sion in the skin; the position of the future nipple [53]. By E16.5,
the bulb has elongated further into a solid cord of epithelial cells.
This so-called spromt penetrates the fat pad precursor, which has
now a much lower cell density than at E14.5. While the sprout
undergoes bifurcation [66] and side-branching by E17 [41],
small internal cavities appear and join each other to generate a
canal [66]. Meanwhile, the skin adjacent to the neck of the sprout
differentiates into a nipple [45, 47, 67], which becomes the out-
let for the milk canal. By E18.5, most MRs have undergone sev-
eral rounds of reiterated branching and resemble a miniature
mammary ductal tree by E18.5. MR2 and MR3 have the most
branches, and MR5 may just show one bifurcation [53]. Birth is
expected between E19.5 and E21.5 depending on the strain of
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2.2 Overinpretation
of Static Histological
Data as if Tell-Tales
of Kinetic Events

2.3 Scanning
Electron
Microscopy (SEM)

mice. By then, and in the context of differential growth speeds of
different regions of the body, the imaginary mammary lines have
acquired a more ventral position than at E11.5, and the MRs are
spaced differently along those lines, such that MR1, MR2, and
MR3 attain pectoral /thoracic positions, while MR4 and MR5
reach a low abdominal respectively inguinal position as seen in
adults (Fig. 1).

Although histological data only provide static information, they
were in some cases used to make unfounded conclusions about
kinetic events, such as the histological ontogeny of the ME and
mechanisms of its morphogenesis. For example, Bresslau con-
cluded that the ME must be of ectodermal origin, as in the
several species he had examined so far, he had found no appar-
ent boundary between the mammary placodes and the surface
ectoderm, while these two tissues are separated from the under-
lying dermal mesenchyme by a continuous basement membrane
[8]. Moreover, without measuring proliferative activity or pres-
sures, Charles Turner and Elisio Gomez attributed the multilay-
ering of the epithelium in the ML and MRs to rapid proliferation
of the basal cell layer of these structures. They also considered
the condensation of the underlying dermal mesenchyme a con-
sequence of an increased pressure on the dermis by the multiple
layers of epithelium [45]. Decades later, Albert Raynaud argued,
equally without proof, that mesenchymal condensation was a
result of local fluid extraction from the dermis by the ectoderm,
which also led to enlargement (elongation) of cells in the mam-
mary line [47].

However, Boris Balinsky challenged the presumed role of cell
proliferation in multilayering as he observed too few mitotic cells
(which he scored by the absence of a nuclear membrane) in the
ML and MRs of E11-E14 mouse embryos to account for the
rapid increase in ME cell number. He suggested that growth
must be provided by surrounding ectodermal/epidermal cells
streaming towards the places where the MRs are forming, but
had no technique in place to demonstrate such cell movements

[46, 68].

Propper used SEM to scan the surface of rabbit embryos at an age
when their mammary ridge was clearly elevated. On the apex of the
ridge, he observed occasional cells with a rounded cell body and
filopodia-like extensions along the length of the ridge. He pro-
posed these cells as “wandering” cells migrating towards sites of
mammary placode formation [51]. At that time, it was assumed
that the MLs are complete and continuous between axilla and
inguen prior to placode formation, and that MRs will subsequently
derive from the ML by localized enhanced cell proliferation ([45]
and references therein). Interestingly, Propper had already called
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for more nuanced thinking about that dogma, as the MRs in the
axilla and inguen of rat and rabbit seemed to develop without
apparent connection to the region of the mammary line on the
flank between forelimb and hind limb ([ 69] and references therein).
Nonetheless, his SEM data were extrapolated to mammogenesis in
the mouse embryo, and the dogma now became that the MRs
derive from the ML by cell migration, still implying the ML is
complete before MR formation starts [60]. However, although
Propper’s SEM data may suggest cell migration, it is still static
data, and no formal proof for migration. Moreover, contrary to
rabbit embryos, mouse embryos do not form an elevated mam-
mary ridge, and the ML in mouse embryos most likely only resem-
bles the apex of the ridge in rabbit. In hindsight, the supposedly
migratory cells at the apex of the ridge were detected at an embry-
onic age when the placodes are already present and transitioning to
the hillock stage [41]. Thus one can also question the relevance of
these supposedly migratory cells for the initiation of placode for-
mation, as well as the validity of the extrapolation of the SEM data
from rabbit to mouse.

Notably, like Bresslau, also Balinsky, Propper, and Sakakura
assumed that the epithelial compartment of the MR is of pure
ectodermal /epidermal origin. Nonetheless, one could for
example also argue that dermal cells may locally traverse the
basement membrane and contribute to the emerging mammary
placodes, but that the sections may have been too thick, or not
examined in sufficient numbers, to observe examples suggesting
such events. It took another 45 years and development of tissue
recombination techniques to unequivocally confirm the pure
ectodermal origin of the mammary gland epithelium [70], see
Subheading 4.4.

3 Combining Microscopy with Cell Labeling Techniques to Explore Whether Cell
Migration Contributes to Mammary Placode Formation in the Surface

Ectoderm

3.1 Charcoal
Depositions

Meanwhile, the possible involvement of cell migration in early
mammogenesis was studied more aptly by labeling cells in a
defined region, and veritying their position after a certain period
of time.

Alain Propper deposited charcoal on explanted flanks of rabbit
embryos and cultured the flanks for several days before harvest-
ing them and determining the location of the particles in histo-
logical sections of the flanks. Charcoal deposited outside the
mammary ridge never ended up in the MRs, but charcoal depos-
ited oz the slopes of the mammary ridge around the time of plac-
ode formation, was incorporated in the MRs within 24-48 h
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3.2 Dil-Injections

3.3 Labeled Markers
of Cell Proliferation
Offer Opportunities
for Cell Tracing

in Early
Mammogenesis

[39]. Although these experiments demonstrate the involvement
of cell migration, the significance of these data for mammogene-
sis in mouse was not clear, as mouse embryos do not form an
elevated mammary ridge. The ML in the mouse embryo more
closely resembles the apex than the whole width of the mammary
ridge. If one wants to extrapolate Propper’s charcoal data to
mouse, one has to consider the possibility that ectodermal cells
flanking the ML in mouse embryos may also contribute to mam-
mary placode formation.

Dil can be injected in embryonic flanks in explant cultures. When
injected near the presumptive ML at E10.5, the labeled domain
expands in the course of 3 days, suggesting that cell migration
occurs in that time [71]. Shortcomings of this technique are that
the precise location of the prospective ML is undetectable, and
the relevant site of injection can only be estimated; cells are not
labeled individually but as a cluster; the explant undergoes exten-
sive growth in 3 days, which on the one hand leads to the loss of
focal plane due to 3D growth and makes live or time-lapse record-
ing of the culture impossible, and on the other hand allows for
expansion of the labeled domain simply by cell proliferation and
passing on of the dye to daughter cells. A comparison of start
point and endpoint of a cluster of labeled cells does not differen-
tiate between expansion of the domain by cell proliferation or
migration.

Balinsky’s low count of mitotic cells in the ML and MRs [46] was
confirmed by injecting pregnant female mice with tritiated thymi-
dine (®H-TdR) and analyzing the incorporation of *H-TdR in the
skin and developing mammary tissues by autoradiography of his-
tological sections of embryos that were harvested several hours
after injection. No *H-TdR was incorporated in the ME of the
embryonic MR3 when females were injected at different time
points at the 13th day of pregnancy, indicating a proliferative
arrest in this ME between E13 and E14. This was in stark con-
trast to the high *H-TdR incorporation, thus high proliferative
activity, of cells in the adjacent ectoderm /epidermis and mesen-
chyme [13]. However, when embryos were harvested and ana-
lyzed 24 h after injection, the neck of MR3 contained labeled
cells. As 3H-TdR rapidly degrades when not incorporated in cells,
these cells must have been labeled about a day earlier. Given that
no 3H-TdR was incorporated in the ME proper at the preceding
day, these positive cells must represent cells that resided in the
adjacent epidermis at their time of labeling, 24 h earlier. The
authors also labeled and harvested embryos at E14.5, and
observed a high proportion of positive cells in the ME, indicating
a resumption of cell proliferation [13].
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Somehow, the results of the previous study were later referred
to as if ME undergoes a 24 h proliferative arrest between E12 and
E13.5, even though this study did not include time points before
E12, and not all MRs. Therefore Lee et al. elaborated on this
study, widening the time range from E11.5 to E13.5 and includ-
ing all MRs separately [54]. They replaced the *H-TdR by the
thymidine analog BrdU—which also rapidly degrades if it is not
incorporated in cells—and used immunohistochemistry to detect
BrdU incorporation in histological sections of embryos harvested
2 or 24 h after injection of the mother. They found almost no
BrdU positive cells in the epithelium of the ML and all MRs.
Although they found small differences between the MRs, their
overall data confirmed Balinsky’s low counts of mitotic cells, thus
little to no proliferative activity in the epithelium of the ML and
MRs between E11.5 and E13.5 [54]. However, if embryos were
harvested 24 h after injection of the mother, the embryonic ME
contained a high number of BrdU-positive cells. Their number
was too high to be explained by proliferation of the initially rare
BrdU-labeled cells present at 2 h after labeling. As such, cell pro-
liferation was excluded as a significant contributor of the initia-
tion and growth of MR formation, while cell migration was
identified as a major contributor to the initiation and early growth
of the ME up to E13.5 [54].

The disadvantage of the *H-TdR or BrdU labeling technique
is that cells are still not individually traced; it does not reveal the
exact directionality (e.g., along the DV axis, along the AP axis/
ML or centripetal aggregation) and distance of migration, nor
does it distinguish between the peridermal and basal cell layers of
the ectoderm/epidermis as putative contributors to the ME.

Regardless and importantly, the contention that the mammary
placodes are (solely) derived from the ML [45, 65] was contested
by these data, as the ML itself would contribute mostly unlabeled
cells. Moreover, ME growth was mostly explained by the influx of
labeled ectodermal cells [54].

4 Organ Explant Culture and Tissue Recombination Techniques Uncover
Continuous Reciprocal Tissue Interactions That Drive the Induction
and Morphogenesis of Embryonic Mammary Glands

4.1 Ex Vivo Explant
Cultures

In order to facilitate the manipulation of mammary gland develop-
ment and to address questions concerning regulatory mechanisms
of mammary development, an existing in vitro organ explant cul-
ture technique [72 ] was modified to support the growth of embry-
onic mammary glands ex vivo. With this purpose, Margaret Hardy
cut out the ventral and lateral body wall including the ML region
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Recombination

of E10, E12, and E13 mouse embryos. She cultured them in adult
cock plasma and chicken embryo extract in a watch-glass [73].
Boris Balinsky reduced the explants to a smaller strip of tissue
encompassing the ML region, modified the medium, and also tried
to culture explants of E§ and E9 embryos [68]. While these
younger explants necrotized, explants from E10 and older embryos
survived in both Hardy’s and Balinsky’s experiments. These were
examined directly under the stereoscope, or prepared for section-
ing and histological analysis. Both Hardy and Balinsky observed
MRs in a small percentage of cultured E10 embryos, even though
these embryos had no MRs at the time of explantation. Later also
Etienne Lasfargues and Margaret Murray [74] successfully grew
mammary glands in explants of E10 embryos. While explants of
E10 embryos yielded MRs at different stages of morphogenesis
within the same E10 explant after 18 days of culture, MR develop-
ment was more successful and at a more consistent speed in E12
and E13 explants. In such explants, development was only slightly
delayed to in vivo development and even progressed to branching
morphogenesis [73].

More than a decade later, Alain Propper and coworkers successfully
modified the culture technique for rabbit embryos, albeit that the
explants did not attain branching morphogenesis [75]. At the time,
developmental biologists were discovering important roles for mes-
enchymal tissues in organ development. In that context, Propper
wanted to assess whether MR formation is an intrinsic property of
the ectoderm, the mesoderm, or induced in the ectoderm by the
mesoderm. He dissected embryonic flanks, separated the mesen-
chyme from the ectoderm/epidermis by a mild trypsin digestion,
and put them in culture. The mesenchyme or epidermis alone did
not give rise to MRs, and often degenerated. He also separated the
mesenchyme and epidermis from the head region, and then recom-
bined flank mesenchyme with head epidermis and vice versa (the
so-called heterotopic tissue recombinations). Head mesenchyme
did not induce a ML or MRs in E12 flank epithelium, although it
would sustain MRs present in E13 and E14 flank epithelium. By
contrast, flank mesenchyme from E12 (no mammary line/ridge
yet) to E14 (hillock stage) embryos did induce a mammary ridge
and subsequently MRs in head epithelium [76, 77]. Propper went
on to recombine flank mesenchyme of E12 (pre-ML) or E13 (ML)
rabbit embryos with chick or duck epidermis just prior to (E6, E7)
or after (E8, E9) feather bud induction, and even with chick amnion
or chorion (the so-called heterospecific recombinations). In all
cases he observed spherical buds resembling mammary buds. In
recombinants with bird epidermis he observed concentrically con-
densed mesoderm around these buds, and upon longer culture
periods, these buds developed deep invaginations with a lumen,
thus morphologically closely resembling mammary sprouts [78,
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79]. These experiments showed that the initiation of mammogen-
esis is not intrinsic to the ectoderm/epidermis, but induced by local
factors in the flank mesenchyme underlying the ML in rabbit
embryos. Moreover, the flank mesenchyme exerts an inductive role,
and can even induce mammary morphogenesis in epithelium that
normally does not form mammary glands, even from other species
as long as this epithelium is not yet committed to a particular fate.
Similar heterotopic and heterospecific experiments at slightly differ-
ent embryonic ages revealed that once the ML is formed, it needs
mesenchyme for its fractionation into MRs. However, this mesen-
chyme need not be the flank mesenchyme, thus any mesenchyme
can take over this permissive role.

While Propper was working on the rabbit, Klaus Kratochwil
aimed to improve morphogenesis of mouse embryonic mammary
glands in culture. He replaced the watch-glass used by Hardy,
Balinsky, and Lastargues and Murray with Grobstein’s special glass
organ culture dishes [80] that have a central depression containing
0.7-0.9 ml of nutrient medium. He placed a thin (22 + 3 pm) filter
with an average pore size of 0.35 pm on the depression such that
it was in contact with, but not submerged in the medium. At the
air-liquid interface on these filters, he cultured either intact MRs
with a fair amount of subjacent mesenchyme and a small piece of
epidermis, or he separated the ME from its subjacent mesenchyme
and cultured the two tissues in isolation or recombined them with
each other [81]. With these techniques, he was able to achieve
normal mammary morphogenesis in organ culture, including the
formation of a nipple with nipple sheath, a ramifying ductal system
based on monopodial branching as is typical for mammary glands,
and adipose tissue. However, when he recombined E12 and E16
ME with E13 salivary mesenchyme, he observed a dichotomous
branching pattern that is typical for a salivary instead of mammary
gland. From his experiments, he concluded that ME requires any
mesenchyme to continue growth and morphogenesis; that the
organ-specific morphology is induced by the mesenchyme; and
that at E16, the ME is not yet committed to this mammary-specific
morphology [82].

Kratochwil used his culture technique mostly for recombinant
explants to study aspects of the sexual dimorphism of mammary
development observed in mouse, as described below. But even
nowadays, the technique of culturing explants in the air-liquid is
still frequently used with individual MRs, tissue recombinants, or
whole flanks. It is very amenable to the introduction of experimental
variables that also address fundamental questions about the nature
and role of tissue-interactions in organ development in a very pre-
cise and elegant manner, as will become clear in the course of this
review. It is a practical method to monitor daily progress of mam-
mary development, especially in cases when for example a
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prenatally lethal mutation would prevent mammary development
in vivo. It facilitates the study of the roles of genes or proteins of
interest in tissue-interactions by electroporation of expression con-
structs [ 71, 83], creating heterogenic (female /male or wt/mutant)
tissue recombinants at developmental stages of interest [84 ], or by
manipulating the levels of soluble proteins by adding them to the
medium or implanting slow-release beads coated with proteins in
flanks in culture [57, 60, 62, 71, 85]. A detailed protocol for dis-
section of flanks and individual MRs and tissues has been published
recently [29, 56, 58] and is illustrated with movies as well [86].
Even ifin the latter protocol, tissues were treated with RNALater™
or a fixative for gene expression or protein analysis, the general
steps of dissection are similar for cases where tissues are harvested
for culture. Additional protocols describe variations on the culture
protocol to analyze branching morphogenesis or perform tissue
recombination [83, 87-89].

One drawback of the in vitro explant culture technique is that
the medium needs to be daily replaced, and does not contain
the maternally derived or self-produced hormones that may cir-
culate through the bloodstream of mammalian embryos. To test
the morphogenic effect of pregnancy hormones on embryonic
MRs, Teruyo Sakakura and colleagues repeated Kratochwil’s
recombination experiments of E16 ME with E13 salivary mes-
enchyme, but subsequently grafted the recombinants under the
kidney capsule of syngeneic female mice, which were then made
pregnant. Similar to Kratochwil, Sakakura observed a salivary
gland morphology in her transplanted recombinants, and in
addition she found that this epithelium produced milk proteins.
Thus, morphological development and functional differentia-
tion of the ME are not coupled, and commitment to the lin-
eage-specific differentiation program is established in the ME
before E16 [90].

Two decades earlier, K.B. DeOme and colleagues had pub-
lished the successful grafting and growth of ME of an adult donor
mouse into the mammary fat pads of 3-week-old female mice that
was cleared of its own mammary epithelium [91]. After a desired
period of growth of such grafts, the fat pads are dissected, fixed,
dehydrated, defatted, and stained with hematoxylin/eosin or car-
mine alum for stereoscopic analysis of the outgrowth [55]. As the
mammary fat pad is the natural environment for ME from around
E16 onwards, Sakakura next tried if E16 embryonic ME could
also thrive in such cleared prepubertal fat pads. Indeed this was
the case, and even MRs from E13 donors developed rigorously
and with normal branching patterns in such cleared fat pads [92].
She observed that the fat pad also sustains the growth of embry-
onic primary (dense) mammary mesenchyme (MM) and second-
ary mammary mesenchyme or fat pad precursor (FP) and studied
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their effect on adult ME by not clearing the host fat pad prior to
grafting. She identified different effects on adult ME morpho-
genesis: Where adult ME was in contact with MM, it underwent
hyperplastic branching in a monopodial pattern without ductal
elongation, whereas adult ME in contact with FP underwent
monopodial branching and ductal elongation, and as such was
indistinguishable from a normal adult gland [92]. She observed a
close resemblance between the MM-induced hyperplastic nod-
ules and hyperplastic nodules that were already at the time con-
sidered preneoplastic lesions [91, 93], and recognized that it was
of importance to study whether the MM has a tumor-enhancing
potential and if so, how this potential was suppressed in the
embryo [30, 92].

Building on the works of Kratochwil and Sakakura, and with a
similar interest in the role of mesenchyme in organ development,
Cunha and coworkers combined recombined E13 mouse mesen-
chyme underlying the ML with E13 rat ectoderm from the dorsal
or ventral region (thus not from the ML) and transplanted these
heterospecific, heterotypic recombinants in lactating female mice.
The developing ME in such recombinants was entirely rat-derived,
finally confirming the ectodermal origin of mammary gland epi-
thelium [70] as suggested decades earlier by Bresslau [8], Turner
and Gomez [45] and Balinsky [68].

Currently, the technique of transplanting embryonic mam-
mary tissues in the cleared prepubertal fat pad is still used regularly,
e.g., when embryos of mutant mice do not survive long enough to
monitor mammary development, or to test whether observed
mammary phenotypes in mutant embryos are due to the altered
gene function in the ME, in the MM or in the FP [14, 52,
94-971].

5 Techniques to Study the Role of Steroid Hormones in Prenatal Sexual
Dimorphism of Mammogenesis

5.1 Histological
Analysis

Observations of sexual dimorphism.

In 1933, Turner and Gomez already mentioned that in male mouse
(and rat) embryos, contrary to other species they knew, the MRs
become detached from the epidermis and do not form nipples
[45]. Albert Raynaud studied this in more detail and observed no
notable differences in MRs between male and female embryos of
E12 to E14 [98] and Raynaud (1947) cited in ref. [47] though
Kratochwil observed a slightly smaller size of MRs in E14 males
compared to females [63]. At E15, the MM around the neck of the
bud/bulb is in males much more condensed than in females and
pyknotic cells are present in the neck epithelium at E15. Soon the
bulb of the MR detaches from the epidermis, likely due to this
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mesenchymal constriction and epithelial cell death ([47] and
Raynaud (1947) cited therein). Notably, not all five pairs of MRs
in males undergo this process: Raynaud observed that the fifth pair
of MRs apparently regresses without prior separation from the epi-
dermis [99] and considerable variations were observed between
strains [63, 100].

Albert Raynaud and Marcel Frilley hypothesized that the differ-
ences in mammary development between male and female embryos
may be due to functional differentiation of the gonads occurring
before that time. To test this, they performed a fetal gonadectomy
by X-ray irradiation of the gonads of E13 mouse fetuses of both
sexes in utero, which they then allowed to develop in utero until
E18.5. In both gonadectomized sexes, the MRs developed as in
untreated female embryos, indicating that by default, mammary
development proceeds along a female program, which does not
require embryonic gonadal function. The perturbed mammary
development in males is due to gonadal function in male embryos
(Raynaud and Frilley (1947, 1949), cited in ref. [47]).

Unraveling the actions of testosterone.

In other experiments, pregnant females were injected with
male steroid hormones. This led to involution of the MRs in female
as well as in male embryos (Raynaud (1947a, 1949) cited in ref.
[47]; [101]), whereas injection of a synthetic antiandrogenic ste-
roid prevented the regression of MRs in male embryos [102].
Together, these experimental data demonstrated that the MRs
need no embryonic gonadal secretions for their development, and
that the embryonic testes are responsible for perturbed mammary
and nipple development in male embryos [47].

Kratochwil argued that gonadectomy may atfect other endocrine
organs in the embryo, and the injections may create a hormonal
imbalance in the pregnant mother. Therefore, the abovemen-
tioned experiments could not answer the question whether the
steroid hormones act directly or indirectly on the MRs, whereas
explant culture experiments could. He observed a female devel-
opmental program in E12 and E13 mammary explants of both
male and female embryos. However, of E14 male explants, MR2,
MR3, and M5 were very susceptible to regression, while MRs
that survived (50 % of MR1 and MR4 and some MR2 and MR3),
resumed growth along a female developmental program albeit
with a 2-day delay. In explants of E12-E15 females that were
cocultured with E13 testes, all E12-E14 MRs regressed, while
75 % of the E15 MRs survived. Kratochwil obtained similar results
when he replaced the testes by testosterone. He therefore con-
cluded that testosterone acts directly on MRs, without necessary
involvement of other endocrine organs, although the speed and
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nature of the morphological response to testosterone may differ
between MR pairs. Moreover, the arrest or degeneration of MRs
as observed in males is not dependent on the genetic sex of the
MRs proper, but on the presence of androgenic hormones in the
embryo. Importantly, these androgenic hormones can exert their

effect only during the limited time-window between E13 and
E14 [50, 63].

At the time, Lyon and Hawkes had just recovered spontaneous
mutant mice carrying an X-linked mutation, X" leading to tes-
ticular feminization [103] that was attributed to a nonfunctional
androgen receptor [104, 105]. Kratochwil and Schwartz used
these mice to uncover whether the androgen response of male
MRs occurs in the ME; MM, or both [106]. They made hetero-
genic (wild type/mutant) recombinations of ME and mesenchyme
of' male embryos only and cultured them ex vivo in the presence of
testosterone. While all recombinants with mutant mesenchyme
underwent female morphogenesis, approximately 60% of the
recombinants with wild type mesenchyme underwent the typical
developmental arrest or regression normally seen in wild type
males. Kratochwil and Schwartz therefore concluded that in male
embryos, testosterone only acts on the MM and not the ME, and
that the observed epithelial cell death in male MRs is mediated by
the mesenchyme.

To test whether cell proliferation contributed to the higher den-
sity of MM compared to dermal mesenchyme, Kratochwil and
colleagues cultured explants several hours in the presence of triti-
ated thymidine to label cells in S-phase prior to harvesting the
explants for histology combined with autoradiography. The vir-
tual absence of radioactivity in the MM indicated that the higher
density of this mesenchyme compared to the dermal mesenchyme
is not due to increased proliferation [50]. Later they immersed
skin strips with mammary glands from freshly dissected embryos
in radiolabeled testosterone, and processed them for histological
sectioning and autoradiography or for radioactivity measure-
ments in tissue extracts [107, 108]. They such established that
the greatest testosterone-binding capacity is localized in the
dense MM adjacent to the ME.

Because the higher cell density of the MM could not be attrib-
uted to locally enhanced proliferation [50] Kratochwil and col-
leagues wanted to investigate whether mesenchymal cell migration
towards the bud contributes to the condensation of the MM. They
made heterogenic with wz ME with adhering MM and a large
mass of X7/ MM and dermal mesenchyme, and vice versa. In
this case, all recombinants of wt epithelium and adhering MM
responded to testosterone despite their environment of
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androgen-insensitive Tfm mesenchyme, whereas recombinants of
Tfm epithelium and MM with a mass of wt mesenchyme showed
no androgen response. Thus it seemed that the mesenchymal
response is initiated at the epithelial-mesenchymal interface only,
and does not involve migration of distant mesenchymal cells
toward the ME. This was further supported by experiments with
recombinants of wt epithelium with X /X mesenchyme, i.c.,
from heterozygous females, instead of from mutant males. In
cells of females at an early embryonic age, one of both
X-chromosomes is randomly inactivated and remains inactive in
daughter cells. This random X-inactivation resulted in clusters of
androgen-responsive cells with an active wt X chromosome, and
clusters of androgen-insensitive cells with an active X7 chromo-
some in the MM of X% /X females. The mesenchyme of such
recombinants cultured in the presence of testosterone showed
similar clusters of mesenchymal condensation representing clones
of cells with an active X chromosome, and clusters of loose mes-
enchyme represented clones of cells with an active X chromo-
some. This heterogeneity also indicated that condensation, once
initiated, does not spread across the mesenchyme independently
of the hormone [49, 50].

Recombinants of wt male MM with wt epithelia of other
organs did not show this androgen response, indicating that an
interaction with specifically the ME is required for the mesenchyme
to pack densely in response to testosterone. Moreover, wt ME
induces this testosterone response even in wt mesenchyme that is
normally not in contact with ME, e.g., the mesenchyme that is
situated in between positions where MRs form along the ML [49].
This was later attributed to the localized induction of a testosterone-
binding capacity by the ME in the adjacent mesenchyme [107,
108], provided by androgen receptors [109]. In addition, heter-
ochronic recombinants (different in age) of wt ME and mesen-
chyme showed that the developmental age of the MM, but not of
the epithelium is key to this response [50].

Notably, this strong androgen-response in males is specific for
rats and mice, as in other species under study, mammary gland
development in male embryos proceeds the same as that in females
embryos. In correspondence, testosterone binding was not
observed in MM of rabbit embryos, and heterospecific recombi-
nants of mouse ME with rabbit mesenchyme did not exhibit any
condensation in response to testosterone [49, 108].

However, low concentrations of testosterone have been found in
female mouse embryos [110], and the MM of female mouse
embryos also expresses androgen receptors [ 109]. While androgen
receptor activation was long considered to be nonexistent or too
low in females to affect their mammary development, E18 females
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with an intrauterine position in between two males (2 M females)
have smaller mammary glands than females flank by two females
(0 M females), which is likely attributable to androgen receptor
activation in 2 M females by testosterone diffusing from their
flanking males [111].

Unraveling the actions of estrogens.

Mammary development in gonadectomized male and female
embryos proceeds as in normal female embryos. Although Raynaud
therefore concluded that MRs need no embryonic ovarian secre-
tions for their development (Raynaud and Frilley (1949), cited in
ref. [47]), he did nonetheless consider the possibility that maternal
hormones may be present in the amniotic fluid or traverse the pla-
cental barrier, and as such may contribute do the default, female,
developmental program for MRs (Raynaud (1947), cited in ref.
[47]).

Indeed, MRs are able to respond to estrogenic compounds, as the
injection of high doses of estrogenic compounds in pregnant
females stimulated nipple development [112, 113] and led to fail-
ure of the sprout to elongate and branch [114-120]. When 16-day
pregnant females were subcutaneously injected with the radiola-
beled estrogenic compound diethylstilbestrol, followed several
hours later by dissection and cryosectioning of the embryos for
histology and autoradiography, these estrogens were traced back in
the nuclei of E16 MM, but not ME [121]. This location corre-
sponded nicely with the aforementioned phenotypes caused by
exposure to high levels of estrogenic compounds.

Meanwhile, molecular cloning techniques had resulted in the iden-
tification of two (a and p) nuclear estrogen receptors (ERs), with
different activation responses to different estrogenic compounds.
In situ hybridization of sectioned embryos with mRNA probes for
these genes demonstrated that both genes were expressed in the
MM of E12.5-E14.5 (other ages not tested) mouse embryos, with
higher levels of ER-a [122, 123]. Transcripts of both genes were
also detected in the E18 MR, while only ER-a is expressed at
immunohistochemically detectable levels in the fat pad precursor
[111]. Extracts of E12.5, E14.5, and E16.5 male and female
mouse embryos activate ER-o—though not ER-p—in vitro, indi-
cating that estrogens do naturally circulate in embryos of both
sexes [ 124]. It is conceivable that these estrogens may activate the
ERs in the MM. Progesterone receptor expression has been
detected in the E14.5 ME, but whether it is functional has not
been assessed [125].

As mentioned above, embryonic MR development does
respond to treatment of the mother with normal or synthetic
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estrogens [63, 115-120], and more recently, the xeno-estrogen
and endocrine disruptor bisphenol-A, a phenol-derivative that
leaks from most plastics, has been demonstrated to affect embry-
onic MR development in mice as well [111]. Although each of
these studies describes different effects—which may be due to
differences in the timing and length of exposure and chemical
structures used—together they certainly underscore the sensi-
tivity of embryonic mammary development to ER-activation.
Even in the absence of a significant role for endogenous
ER-signaling in normal embryonic mammary development, this
sensitivity to xeno-estrogens is highly relevant for further study,
as exposing pregnant female animals (e.g., in agriculture) and
humans to estrogenic compounds may lead to serious malfor-
mations of the mammary gland and nipple in the embryos, and
thus to functional insufficiency in postnatal life [47].
Furthermore, inappropriate ER signaling in the embryonic MR
may well predispose the mammary gland to cancer in postnatal
lite [126-130].

6 Models and Methods to study the Molecular Regulation
of Embryonic Mammary Development

6.1 In Situ Detection
of Protein (Activity)
and RNA Molecules

6.2 Spontaneous
Mutant Mouse Models

Since the 1950s, studies on mammary gland development include
questions pertaining to the activity and regulatory roles of mol-
ecules. For example, Balinsky [68] and Propper [131] observed
fluctuating levels of alkaline phosphatase activity and RNA con-
tent in the ME and MM of the developing MRs of sectioned
embryos, but could only speculate about the implications of these
molecules and their fluctuations. When techniques for protein
purification, antibody production and labeling also became avail-
able, they were first used to localize for example matrix molecules
such as tenascin-C, laminin, and fibronectin, as well as milk pro-
teins in histological tissue preparations of MRs [70, 132-134],
soon followed by a plethora of other proteins. More recently,
techniques to assay protein expression in preparations of whole
mount MRs [56] and 3D-reconstructions of stained histological
or optical sections of MRs were developed [54, 57, 58].
Meanwhile, techniques were also developed to synthesize labeled
RNA probes, which are used to study gene expression patterns by
whole mount in situ hybridization of whole embryos up to E13/
E14, or by in situ hybridization of sectioned embryos of any age
[52, 135-137].

Almost four decades lapsed between Raynaud’s discovery of hor-
monal control of mammary gland development [112, 113, 116-
120, 138] and the identification of another molecular regulator of
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mammary development. This began with the observation of absent
MRs in E13 embryos of the spontaneous mouse mutant Extratoes
(Xt) [139], but it took until 1993 until this mutation was identi-
fied as a functional null allele of the transcription factor Gli3 [140].
Other spontaneous mutations leading to mammary defects are the
X-linked testicular feminization (X) encoding a dysfunctional
androgen receptor [106], Scaramanga (Ska) representing a mis-
regulated allele encoding the soluble factor neuregulin 3 (Nrg3)
[141-143], Tabby encoding a functional null allele for the soluble
protein ectodysplasinAl (EdaAl) [85, 144 ], and Splotch encoding
a functionally null Pax3 transcription factor [60].

Meanwhile, gene targeting techniques to generate genetically engi-
neered mice (GEMs) [42] became widely used, and produced a
myriad of constitutive, tissue-specific, and inducible mutant mice, in
which the endogenous gene no longer produces a functional tran-
script of protein (knockout), or carries a domain deletion or point
mutations that alters protein properties such as localization, binding
affinity or enzymatic activity. In addition, transgenic mice were pro-
duced that carry exogenous DNA encoding a normal or mutant
gene to increase expression levels of normal protein or produce high
quantities of mutant protein, which outcompetes the normal. Most
models studied for embryonic mammary gland development
(Table 1) are constitutive knockouts and tissue-specific transgenic
mice in which the promoter of either cytokeratin5 (Krt5) or cyto-
keratin 14 (Krtl4) generates a functional null deletion or drives
transgenic overexpression in the ectoderm/epidermis and the epi-
thelial compartment of epidermal appendages such as teeth, hairs
and mammary glands. In some cases these mutations are combined
with lacZ or fluorescent (GFP) reporters that either mark the mam-
mary line or rudiments (e.g., TOPGAL, s-Ship-GFP) or replace the
expression of the endogenous gene (e.g., Sostdc1%) (Table 2).
The observation of a mammary defect in mutant embryos is
usually accompanied by an analysis of the expression pattern of the
normal gene in wild type (wt) embryos. This leads to an expansion
of a database of suitable expression markers for the mammary tis-
sues at various stages, as well as to hypotheses about the relevance
of specific aspects of the spatiotemporal expression pattern for
mammogenesis. Similarities in expression patterns of two genes in
wt mice respectively in mammary defects in mutants of these genes
may lead to additional hypotheses about epistatic interactions
between these genes. Most of these hypotheses are tested ex vivo
with explant assays, or in vivo by combining several mutations in
one mouse to determine if one mutation restores or alters the
mammary phenotype caused by the other mutation. During the
past 25 years and especially since the beginning of this century, this
has led to many insights in the molecular regulation of various
stages of embryonic mammary gland development. Most of these
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Table 2

Reporter mice used in studies of embryonic mammary development

Reporter mice Marks References
TOPGAL-F Wnht signalling in epithelium; ML, MR [148,179]
Egf10-Topgal-F [60]
Egfi2lr; Topyal-F [60]
Gli3%7T; Topgal-F [60, 153]
Lrp4™5; TOPGAL-F [155]
Sostdc1"“; TOPGAL-F [160]
Wise ; TOPGAL-F [155]
Niy3%, TOPGAL-F [180]
TOPGAL-C Wnht signalling in epithelium and mesenchyme [181]
LefI; TOPGAL-C [156]
Krt14-PTHrP;TOPGAL-C [166]
Dermo-Cre;p-catenin/#, TOPGAL-C [166]
BATGAL Wnht signalling in epithelium and mesenchyme [182]
Lip53BATGAL [161]
Lrp6;BATGAL [162]
Pygo2;BATGAL [157]
Sostdc 1%, BATGAL [160]
Conductin'™* (=Axin2"*) What signalling in epithelium and mesenchyme [155]
Axin2CrERT/ xR D6 R1act/+ [183]
AxiWZCreERTZ/+;R26RIMZ/+ [ 18 3]
Gl3*T; Conductin'*? [154]
TCFE/LEF:H2B-GFP Wat signalling, similar to TOPGAL-F [155, 184]
Lrp4"*s: TCE/LEF:-H2B-GFP [155]
EdaREP Eda signalling [175]
Eda'"; Eda?REP [175]
Krt14-Eda; Edn*e#REP [175]
Krtl7-GFP Krtl7 expression; epidermis [160, 185]
Sostdc 1'% Kyrt17-GFP [160]
s-Ship-GFP Shipl expression; ML [186] [41]
Nry3%;s-Ship-GFP [180]
Krtl4cre:R26-1tor-LacZ Cre, LacZ specifically in MRs from E12 onwards [155]
Krt14-tTA:tetO-Wise-GEP transgenic Wise expression in MRs from E12 onwards [155]
Msxl-LacZ [174]
Msx2-LacZ transgenic Msx2 expression [174]
BMP4-LacZneo transgenic BMP4 expression [164, 187]
TrkBC/* neurons [167,188]
Lrp4-LacZ Lyrp4 promoter activity [155]
Wise-LacZ Wise promoter activity [155]

This table lists all reporter mice, and their combination with gene mutations causing an embryonic mammary phenotype,

known to date (early 2014)
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insights have recently been comprehensively reviewed elsewhere
[32,33,43,44, 189-191]. Below, the focus lies on the experimen-
tal approaches that led to some of these insights.

7 Molecular Regulation of Patterning of the MRs in the Surface Ectoderm

From their tissue recombination experiments Propper, Kratochwil,
and Cunha and Hom had concluded that the differentiation of
ectoderm into mammary epithelium is induced by (then unknown)
mesodermal /mesenchymal factors [49, 50, 69, 70, 76-79, 81, 82,
192]. Correspondingly, some GEMS with defective mammary
induction (Table 1) carry a mutated version of a gene which in wt
is among others expressed in the dermal mesenchyme at the time
of ML and MR induction, e.g., the growth factor N7g3*, and
transcription factors Thx2 and Tbx3 [28, 33, 149, 159, 193].
However, most GEMS with a known induction defect lack a gene
that in wt is expressed in the somites, i.e., the mesodermal struc-
tures that give rise to vertebrae, ribs, muscles, and the dermal mes-
enchyme. These genes encode the transcription factors Gli3, Pax3,
Tbx2, Tbx3, and likely Hoxc6, the growth factor FGF10, or reti-
noic acid receptors [32, 43, 44, 158, 189, 191, 194, 195]. This
somitic expression was of particular and dual and interest, because
(1) the dermal mesenchyme is a derivative of the somites, and (2)
the induction of mammogenesis, characterized as a combination of
cell elongation and Wnzl0b expression [60], first manifests itself as
a line of fragments overlying the ventral (hypaxial) tips of the
somites between forelimb and hindlimb on the flank, which sug-
gests the involvement of hypaxial somitic signals in the onset of
mammogenesis [61]. The relevance of the somites in the induction
of mammogenesis was supported by the finding that hypaxial trun-
cation of the somites, as in Pax3 null embryos, is associated with a
narrower and dorsally displaced ML on the flank, and delayed for-
mation of MR3 forms compared to wt embryos [60].

In wt embryos, this hypaxial area has the highest Egf10 expres-
sion within the somites. At the time of onset of mammogenesis in
wt embryos, Egfl0is expressed in the somites and limb buds, while
the gene encoding its main receptor Fgf#2b is expressed in the sur-
face ectoderm. Egfi2b7- and Egfl0~- embryos do not form a
mammary streak /line on the flank, and no MRs (except MR4). By
contrast, hypomorphic FEgfl0~/"?#= embryos do form a ML
and MRs, but not MR3. G/3*//**J (null) embryos resemble
Egf10-/ 1= embryos with regards to ML and MR3 formation,
and have reduced somitic Fgf10 expression levels while Fgf10
expression in the limbs is unchanged or elevated. Stand alone, each
of these evidences for somitic involvement in the induction of
mammogenesis on the flank is circumstantial. Nonetheless, the
combined analysis of mammary phenotypes and gene expression
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patterns in these mutants makes a strong case for involvement of
somitic signals, i.e., G/Z3 and Egf10 in the induction of mammo-
genesis between the limbs [60].

The expression patterns in wt and mutant embryos sug-
gested that FGF10 acts downstream of Gli3, but are no proof of
such. As FGF10 is a soluble factor, it can be added to culture
assays. Implantation of a bead soaked in FGF10 in explant cul-
tures of E11.5 G/3%7//%"J embryonic flanks rescued the forma-
tion of MR3, indicating that Fgf10 indeed acts downstream of
somitic Gli3 and is sufficient to induce MR3 in the absence of
Gli3 [60, 189].

Gli3 is a transcription factor with two family members, Glil
and Gli2. The Glil protein is a transcriptional activator that is usu-
ally produced in response to Hedgehog signaling. By contrast,
Gli2 and GIli3 are often co-expressed at sites with no Hedgehog
signaling, which allows their cleavage and consequent functioning
as transcriptional repressors. In the presence of high Hedgehog
signaling, they can however remain uncleaved and act as transcrip-
tional activators. By replacing two G/:2 alleles by G/i1 activator in
the absence of one allele of G/Z3, Hatsell and Cowin were able to
restore the G/Z3 mammary phenotype, demonstrating that G/z3
acts as a repressor [ 153] as previously predicted [171, 196]. Since
the absence of G/i3 leads to reduced somitic Egf10 expression [60],
Gli3 regulates Fgf10 transcription indirectly.

But how do G/z3 and Ejf10 relate to the other somitic/dermal
genes, e.g., Thx-genes (Fig. 3)? Around E10.5, wt embryos begin
to express Thx2 in a band of ventral dermal mesenchyme encom-
passing the prospective mammary streak between forelimb and
hindlimb, and 7543 in a similar but wider band spanning approxi-
mately the ventral half of the underlying somites. Tbx3 is also
expressed in the mammary placode epithelium once it is formed.
While heterozygous nulls for either gene do not have a mammary
phenotype, 20 % of compound Tx2/Tbx3 heterozygous nulls have
no MR2 at E13.5 (earlier not investigated). This indicates that
these Thx genes complement each other or interact with each other
via yet unknown mechanisms in early development of MR2 [150].
Wt embryos express Bmp4 in the ventral dermal mesenchyme in
the subaxillary and suprainguinal region at E11-E11.5. The
somitic/dermal expression domain of 74x3 is narrower in Gl3Xt/
Xt (null) mutants than in wt embryos [ 154]. Electroporation of wt
flank explants with 7Tbx3 downregulates Bmp4 expression, and
broadens the ML. Conversely, electroporation of Bmp4 downregu-
lates Thx3 expression but did not affect the breadth of the ML,
while co-electroporation of Bmp4 and Thx3 had the same effect as
Tbx3 alone or caused additional broadening of the ML in the ven-
tral direction. All variables led to an increase of Lefl expression as
a marker for ME formation. These data indicate a reciprocal nega-
tive interaction (direct or indirect) between Tbx3 and Bmp4 whose
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VENTRAL PTHrP DORSAL
FGF8, FGF17 sota3 EdaA1 EdaR

dermis dermisand  somite surface ectoderm  mammary placode
and somite ectoderm and placode

Tl N

Fig. 3 Molecular players and interactions for the induction of mammary rudiment 3. The molecular cascades
regulating the initiation of mammogenesis have been best studied for the mammary streak between the fore
limb and hind limb (encompassing MR2, MR3, and MR4) and in particular for MR3, as this MR pair seems most
susceptible to loss of gene function and is coincidentally the most accessible for manipulation by for example
bead implantation or electroporation in studies with flank explant cultures. This carfoon shows the ventral end
of somite 15 or 16, with overlying surface ectoderm and developing MR3. Fgf70 is expressed in a gradient
along the somites, with highest expression in the ventral tip, indirectly downstream of Gli3-repressor activity.
FGF10 activates the ectodermal Fgfr2b, leading to IWnt70b expression and Wnt signaling (reported by TOPGAL-F
and Lef1 expression). The site and level of Fgf710 expression (co-dependent on for example the length of
somites which is controlled by Pax3) as well as the reciprocal repression between BMP4 and TBX3, likely
downstream of Gli3R, are determinants of the dorsoventral position of this mammary rudiment. Other molecu-
lar players at early stages are indicated in this cartoon as well, although they relationships still have to be
determined. Note that other MRs require different tissue and molecular interactions for their induction. Modified
from refs. [60, 71, 154, 195], with permission

LEGEND

interface and relative expression levels determine the dorsoventral
position and width of the ML [71]. Gl3*/** embryos have a
slightly upregulated, dorsalized and posteriorized Bmp4 expression
and correspondingly, the Tbx3/Bmp4 interface seems to be dorsal-
ized, suggesting that the reciprocal inhibitory interaction between
Tbx3/Bmp4 tunctions downstream of somitic G/3. Given that
Bmp4 has Gli binding sites, Gli3 may repress Bmp4 directly [154].
Interactions of these genes with Hox genes, N7y3, and retinoic acid
signaling remain to be investigated.

Interestingly, it became clear that at different locations along
the ML, the MRs have different requirements for or sensitivities
to these mesenchymal factors (Table 1). Despite these differences
in mesenchymal inducers, the cellular response in the overlying
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ectoderm is the same, being the loss of proliferative activity and
gain of migratory activity towards the prospective ML and placode
positions [46, 54]. The dorsoventral position of the streak on the
flank depends on the length of the somites, and gene activity in the
somites, such as G/i3 and Fgf10. At E10, the somites are still small
spherical structures adjacent to the neural tube, but within half a
day, they start to elongate ventrally and express Fgf10. Somitic
Eyf10 levels increase between E10.5 and E11.5, concomitant with
the appearance of the mammary streak between the limbs, and the
MRs. The ML and all MRs except MR4 are absent in Fgf10~~
embryos. FGF10 is known for its chemotactic function in other
organs, and as the surface ectoderm expresses its main receptor,
FGF10 may exhibit a similar chemotactic function on the surface
ectoderm, “dragging” it along to progressively more ventral posi-
tion until the somites reach the ventral lateral plate mesoderm
[60]. This would be consistent with the observations that multilay-
ering of the ML and MRs does not result from cell proliferation,
but from cell aggregation or influx [54].

Furthermore, despite the differences in mesenchymal inducers
along the mammary line, the known molecular responses of the
overlying ectoderm are also the same, namely de novo or increased
expression of genes such as Wntl0b, Wnt6 and an engagement in
Whnt signaling along the entire ML [61, 148, 191], soon followed
by expression of Lefl [52], EdaAl and EdaR [43], Gata3 [152],
Nrg3[193] several FGFs [62], and PTHrP [164, 166], specifically
in the placode epithelium.

As mentioned, Wntl00b first appears as an array of fragments
overlying the ventral tips of the somites [61]. However, not
all Wntl0b" fragments use their potential to become a MR.
Whether they do, depends in part on the level of somitic FEgf10
expression, as deduced from the non-induction of MR3 in Fygf10
hypomorphic mutants. Moreover, Fgf10 is expressed in a bilat-
eral gradient across somites 12-18, and MR3 is formed above
the somites (#15/#16) with the highest Fgf10 expression in wt
embryos [60]. In part, it also depends on sufficient levels of
canonical Wnt signaling in the ectoderm, as mutants with a
complete reduction in Wnt signaling fail to form the ML and
MRs [148], and mutants with a partial reduction of Wnt signal-
ing form MRs with impaired growth and which often regress
[135, 147, 155-157,160-162]. Conversely, increased Wnt sig-
naling by addition of for example Wnt3A to explant cultures, or
creating tissue-specific knockouts for inhibitory co-receptors or
transgenic overexpression of activators of the pathway, leads to
enlarged MRs [148, 155]. By contrast, tissue-specific overex-
pression of EdaAl or its receptor, or Nrg3 [159] leads to con-
version of more Wntl0b* fragments into MRs [85, 144 ]. Nrg3
seems to regulate migration of mammary epithelial precursors
towards the placode sites [180], whereas Eda/TNF signaling



Technical Research History of Mouse Embryonic Mammogenesis 53

represses ectodermal Wnt signaling and enhances mesenchymal
Wnt signaling at E13.5 [57]. It is now of interest whether the
same interaction exists between Eda and Wnt signaling path-
ways at the induction stage. In any case, by regulating the size
and number of MRs, they are important determinants of the
patterning of ME in the ectoderm.

One role for Wnt-signaling may be to downregulate the prolif-
erative activity of ectodermal cells in association with their acquisi-
tion of a ME fate. This conclusion is based on data from Ahn et al.
[155] who show that MR2 and MR3 fuse in the absence of the
Whnt-antagonists Lrp4 or Wise, preceded by a loss of proliferation
in the interplacodal region.

Notably, the various ligands, receptors and antagonists of Wnt
signaling vary widely in their expression domain, from broad
expression in the dermal mesenchyme or surface ectoderm, to
restricted expression in the ventral or dorsal domain or flank, ML,
rudimentary ME or MM. Thus, various modes or subsets of
canonical Wnt signaling may exist in the mammary region, both in
the epithelium and in the mesenchyme. This is exemplified by the
different expression patterns in MRs [60, 148, 153-157,160-162,
166] as well as in other organs [197] of the reporters for canonical
Whnt-signaling: Topgal-F [179], Topgal-C [181], Batgal [182],
and Axin2-LacZ [198] (Table 2). It remains a challenge to identify
separate roles for mesenchymal and epithelial Wnt-signaling, let
alone whether subsets of Wnt signaling locally act alone or in con-
cert with other subsets.

8 Molecular Regulators of Growth and Survival of the MRs Until E16

While a complete abolishment of Wnt-signaling through overex-
pression of the inhibitor Dkkl prevents the formation of all MRs
[147, 148], MRs are induced if Wnt-signaling is only partially
reduced due to a null mutation for Lefl, Lyp5, or Pygo2[135, 156,
157, 161]. However, such MRs are small, grow poorly if at all, and
may regress with variable penetrance before E15.5. Whereas
Msx 17~ single knockouts have no embryonic mammary defects and
MRs in Msx27~ develop normally until sprouting stage, MsxI~~;
Msx2~~ double knockouts develop MRs that fail to express Lefl
and regress by E15.5 [168].

As Lefl is a transcriptional target and mediator of Wnt signal-
ing, it is tempting to speculate that the regression in Msx 17~ Msx2/~
mutants is due to reduced Wnt signaling; perhaps because
ectodermal cells retain their proliferative activity and fail to acquire
a mammary fate or commit to it if Wnt signaling is low. However,
in wild types, LefI expands its expression domain from the ME to
include the MM by E15.5 [67] while it mediates the converse
expansion of Topgal-C expression (a reporter for a subset of Wnt
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signaling) from the MM to include the ME between E13.5 and
E15.5 [156]. Notably, during this time span, the epithelial com-
partment of the wt MR transits from growth by epidermal cell
recruitment to growth by proliferation of the ME cells proper [46,
54]. It is thus possible that the absence of Wnt-signaling in the ME
in E15.5 LeflI7~ embryos also disrupts the functional transition
that ME cells need to undergo around that time, leading to lack of
growth and eventual regression of the MRs.

Interestingly, loss of p190B-RhoGAP allows for MR induction,
but at E14.5 the buds are small despite a slight increase in epithelial
proliferation and a lack of apoptosis [ 163 ]. Given that pl90RhoGAP
is expressed in the ME of E12.5 embryos onwards, and that the
enzyme is known for its roles in cytoskeletal remodeling to promote
cell migration and inhibit mitosis, it is conceivable that the mam-
mary phenotype in pI190B-RhoGAP/~ embryos is caused by both
impaired cell migration and sustained cell proliferation.

Contrary to Thx3”~ embryos, Thx37~ embryos induce all five
MR pairs, but the three thoracic pairs are often lost between E13.5
and E18.5. This defect is exacerbated in Thx2*~;Thx3"~ double het-
erozygotes [150]. Both genes are well known for their role in cell
cycling control through pl194*/p53 signaling. While this mecha-
nism is intact in these mutants, it remains of interest to investigate
which signaling cascade is impaired and causes the haplo-insuffi-
ciency in mammary development of these mutants [150].

9 Molecular Regulators of Sexual Dimorphism

As mentioned far above in section 5 about steroid hormones, the
sexual dimorphism of mammary gland development is created by
the absence or presence of androgen receptor activation in the
mammary mesenchyme of female respectively male mice [49, 50,
63, 106, 107, 114]. Analysis of null mutants for the genes encod-
ing PTHrD or its receptor PTHrP-R1 revealed their lack of sexual
dimorphism in mammary gland development: Mammary glands in
these mutant males and females lack androgen receptor and tenas-
cin-C expression in the MM, and develop similar to their counter-
parts in wild type female embryos [84, 109]. In wild type mice,
PTHrPis expressed in the ME from placode stage onwards, while
PTHrP-R I becomes broadly expressed in the dermal mesenchyme
[84, 109]. These expression patterns may suggest that the defect in
mutants is due to an absence of PTHrP/PTHrP-R1 signaling
between the ME and prospective MM. However, far prior to the
onset of mammary gland development, PTHrP and PTHrP-R1 are
expressed in several extra-embryonic and embryonic tissues [199].
Therefore, further testing was required to exclude the possibility
that the mammary defect is a secondary effect of lack of PTHrP/
PTHrP-RI1 signaling earlier in embryogenesis.
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Rescue experiments in which PTHrP was reintroduced in the
ectoderm/epidermis of PTHyrP7~ embryos by crossing in a Krt14-
PTHrP transgene, restored androgen receptor expression. This
facilitated the androgen response in male mutants. These experi-
ments confirmed that the mammary defect is indeed caused by the
absence of PTHrP signaling in the MR proper, and that no earlier
PTHrP signaling is required [109]. Similarly, PTHrP7~ and
PTHyP-RI7- mutant mice lack Topgal-F expression (a marker for
a subset of Wnt signaling) in the MM. Conversely, transgenic over-
expression of PTHrP in the entire flank induces ectopic Topgal-F
expression in the underlying dermal mesenchyme, confirming that
mesenchymal Wnt signaling requires no PTHrP/PTHrP-R1 sig-
naling prior to mammary placode formation.

Epistasis assays in which the Wnt-transducer p-catenin was
removed from the mesenchyme in Krt14-PTHrP transgenic mice,
showed that dermal f-catenin is required downstream of PTHrP/
PTHrP-R1 signaling between the mammary placode epithelium
and its contiguous dermal mesenchyme, to induce mammary
mesenchymal specific markers such as Wnt signaling and expres-
sion of let], estrogen receptor and androgen receptor [166]. Like
PTHrP/PTHrP-R, also Gli3 is required for androgen receptor
and tenascin-C expression, and it now becomes interesting to
study if and how PTHrP /PTHrP-R signaling, Wnt signaling and
Gli3 interact to regulate expression of androgen receptor and
tenascin-C as differentiation markers for MM [154]. Despite a
normal testicular histology and androgen receptor expression in
the MM, the MRs of some Krtl4-Eda males may escape the
androgen-mediated destruction and even form a nipple. The ME
manages to sprout and enter the fat pad precursor, where it
undergoes a modest degree of branching morphogenesis, albeit
with a lack of canalization. Most likely the escape from destruc-
tion is provided by precocious proliferation of the ME, which
allows penetration into the androgen receptor negative fat pad
precursor [57]. Remarkably, there also exists a sexual dimorphism
in sensory innervation of the mammary gland. This is due to the
expression of a truncated form of TrkB, a receptor for the neuro-
trophic factor BDNEFE, downstream of androgen receptor activa-
tion. This truncated receptor prevents normal BDNEF/TrkB
signaling in sensory axons, which leads to a loss of innervation of
the mammary gland in males [167].

10 Molecular Regulators of Nipple Formation

The nipple is a late appendage to the skin and mammary gland,
both in terms of evolution and in embryonic development, as
they only develop in marsupials and placentals, and as a secondary
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structure to the mammary gland [6]. The supernumerary MRs in
Krtl4-EdaAl transgenic mutants do form nipples, albeit it with
an aberrant shape, and not all connected to a ductal network and
associated with a fat pad [85, 144]. Nipples of Eda™™ (null)
mice were abnormally flat, but nonetheless both the loss and gain
of function mutants nursed their offspring normally [144].
PTHrP”~ and PTHrP-R 17~ mutants do not develop nipples, nor
can their nipple development be rescued with transgenic Krtl4-
PTHrP [67, 169, 200]. However, the entire ventral epidermis
transforms into nipple skin when transgenic Krtl4-PTHrP is
expressed on a wt background, ectopically in the entire ventral
epidermis instead of in the ME only [67]. These analyses led to
the conclusion that PTHrP/PTHrP-R1 signaling is required and
instructive for nipple development. Normally, PTHrP-R1 is ubiq-
uitously expressed in the ventral dermal mesenchyme, whereas
PTHrP expression is restricted to the ME only. Thus, despite the
ubiquitous expression of PTHrP-R1 in wt embryos, activation of
this receptor is restricted to just a few layers of mesenchyme in
close proximity to the ME. This mesenchyme differentiates into
MM and signals back to the overlying epidermis, which responds
locally by differentiating into nipple skin [67]. As PTHrP/
PTHrP-R1 signaling activates Wnt signaling to specify the MM
[166] it is perhaps not surprising that mutants lacking the Wnt
co-receptor Lrp6 have smaller nipples [162].

One feature of nipple formation is the suppression of hair fol-
licle formation. Indeed Krt14-PTHrP transgenic embryos lack hair
follicles on their ventral (nipple) skin [201], in conjunction with
reduced BMP signaling due to reduced transcription of the BMP
receptor BMPRIA [164]. Loss of Msx2in Krtl4-PTHrP embryos
(Krt14-PTHyrP,Msx2~~ mutants) rescues hair follicle formation. As
BMP4 and PTHrP have a synergistic stimulatory effect on Msx2
expression in cultured dermal mesenchymal cells, it was concluded
that Msx2 mediates the repressive effect of PTHrP/PTHrP-R1-
augmented BMP signaling on hair follicle development in the
nipple area [164]. Indeed, suppression of BMP signaling by trans-
genic expression of Krtl4-Noggin allows the formation of Shh-
expressing hair follicles in the nipple area [202]. Moreover,
transgenic Noggin suppresses PTHrP expression, whereas addi-
tion of BMP4 to cultured cells augments PTHrP-promoter activ-
ity [202]. This points to a feed-forward loop between PTHrP and
BMP signaling. In the absence of the Gli3 repressor of (sonic)
Hedgehog signaling, hair follicles develop in the nipple area
[154]. It is now of interest to study the relationship between
PTHrP, BMP, and Hh signaling in establishing a properly differ-
entiated nipple tissue without hairs.
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Interestingly, the time frame allowing nipple development is
very wide, as supernumerary nipples are formed in Soszdcl7~ mice
at the end of puberty around 6 weeks postpartum [160].
Remarkably, these nipples are not connected to a ductal network,

and both the normal and supernumerary nipples contain hair fol-
licles [160].

11 Molecular Regulators of Sprouting and Branching Morphogenesis

In reduction or loss of function mutants for PTHrP, PTHrP-R1,
Msx2, FEgfl0, Tbx2/Tbx3, Pygo2, Lrp6, Gli3, or Eda, and in trans-
genic mice overexpressing the super-repressor of Eda/NFkB sig-
naling, IkBeAN, mammary buds all fail to properly elongate into
sprouts or are impaired in branching morphogenesis [44, 52, 54,
57, 150, 157, 162, 168]. In wild types, all these molecules are
expressed in the MM and/or fat pad precursor, with exception of
Pygo2, Lrp6, the Tbx transcription factors, and PTHrP which is
expressed in the ME but finds its receptor in the MM. It was there-
fore likely that sprouting and branching morphogenesis of the ME
are regulated by molecular interactions of the ME with its sur-
rounding mesenchymal tissues. This has been tested and validated
for PTHrP and FGF10 signaling: Fgf10~~ ME was able to generate
a branched tree when grafted into a cleared fat pad of a 3-week-old
wt [52]. Similarly, tissue recombinants of E13.5 PTH»P-R17/- ME
with wt MM that were grafted under the kidney capsule, did show
ductal outgrowths similar to wt/wt recombinations, while recom-
binants of wt ME with PTH»P-R 17~ MM did not grow out [84].
These data showed that FGF10 and PTHrP-R1 expression are
only required in the mesenchyme for normal branching. The level
and timing of PTHrP-R1 activation is important, as transient over-
expression of PTHrP in the epidermis using the Krtl4-driven
inducible tet-off system [203] during prenatal branching morpho-
genesis causes branching defects during puberty [170]. PTHrP/
PTHrP-RI1 signaling regulates Msx2 expression in the MM [164],
and the similarity in sprouting and branching defects in null
mutants for PTHrP, PTHrP-R1, and Msx2 suggests that Msx2 is a
mediator of PTHrP-induced sprouting and branching.
Overexpression of Eda in Krtl4-Eda transgenics induces preco-
cious branching. Microarray expression profiling of Eda~ skin cul-
tured in the absence or presence of recombinant Eda, showed an
upregulation of amongst others Wnt10b and PTHrPin response to
Eda. In accordance, higher levels of these mRNAs were detected
by in situ hybridization of Krt14-Eda embryos. In an ex vivo
explant culture setup adapted to monitor branching morphogen-
esis [89], recombinant Wnt3a and PTHrP accelerate branching
morphogenesis in mammary. It is therefore likely that Eda
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promotes branching morphogenesis via its regulation of PTHrP
and Wnt signaling [57].

Other evidence for an involvement of Wnt signaling in branch-
ing morphogenesis comes from the severely impaired ductal
branching in constitutive and skin-specific null mutants for Pygo2
[157] and Lrp67 mutants [162].

Tbx2 and Tbx3 are expressed in the mesenchyme surrounding
the nipple sheath, and T&x3 but not Tbx2 is also expressed in the
mammary epithelium at E18.5. Heterozygous 76x2 nulls have no
mammary defects, but heterozygous Tbx3 nulls display reduced
branching in all their MRs at E18.5. Whereas double heterozy-
gotes for both genes more often lose MR1-3 between E13.5 and
E18.5, the branching defect in the rudiments that do survive is not
more severe than in Thx3 heterozygotes [150].

12 Embryonic Mammary Gland and “Omics”

With a modification of Kratochwil’s enzymatic tissue separation
technique [82, 88, 204 ], the ME and MM of MR4 of several E12
embryos have been isolated and pooled per tissue for the subse-
quent extraction of mRNA and transcriptome analysis [29]. RNA
was then amplified and subject to microarray analysis. By compar-
ing the transcriptional profiles of both tissues with that of a non-
treated intact MR (ME + MM), the gene pool that was activated by
the enzyme treatment could be filtered out, and relevant
transcriptome profiles were obtained with many new potential reg-
ulators of early mammogenesis. Interestingly, the ME profile
showed many similarities with the mammary stem and progenitor
cell populations of adult mammary gland #4 [29], and subsets of
its profile also showed similarities to breast cancer profiles [205].
With similar tissue isolation techniques, the expression of miRNAs
was also analyzed and led to the discovery of miR206 in the mam-
mary mesenchyme [206]. Overexpression of miR206 by electro-
poration in flank explant cultures led to significant changes in gene
expression in the MM, amongst others a reduction of estrogen
receptor expression [206].

To reduce the effect of enzyme treatment on gene expres-
sion profiles and to speed up the tissue separation and processing
time for increased RNA integrity, Sun et al. developed a tissue
separation and harvesting technique based on the dehydrating
effect of RNA-Later [86]. Analysis of these tissues have revealed
that each of the five MRs has different expression profiles [ref.
Sun and Veltmaat unpublished, http://www.veltmaatlab.net/
research.html#sunli]. Any regulatory role of these differentially
expressed genes in the identity of the MRs needs yet to be
established.
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13 Stem Cell Activity in the Embryonic MR

In 1979, Sakakura transplanted an E13.5 MR into the fat pad of a
prepubertal mouse and demonstrated that the transplant could
grow out, branch, and produce milk like an endogenous mammary
gland [92]. With the exception of testing for milk production,
similar outgrowth potential has been observed for intact E12.5

Rs [18]. These outcomes indicate that cells of the E12.5 ME
have a pluripotent capacity and enormous proliferative potential,
possibly via self-renewing stem or progenitor cells.

The intron5/6 region of the gene encoding Shipl phospha-
tase contains stem-cell specific promoter activity [186].
Interestingly, this transgenic promoter construct drives GFP
expression even in the ML and uniformly in the MRs at E11.5 and
E12.5 ([180, 186] and cover illustration of [41]), suggesting the
presence of mammary stem cells from the onset of mammogenesis
onwards. In that context, it is of interest that (1) Wnt signaling is
required for the induction and development of the embryonic
mammary gland [191], as well as for self-renewal of mammary
stem cells in the adult [207]; and that (2) Pygo2, which converges
with Wnt-signaling, is enriched in adult mammary stem cells and
required for proper induction and development of the embryonic
MRs [157].

The phenotypic identification of mammary stem cell popula-
tions began in adult mammary glands, by fluorescence-activated cell
sorting (FACS) of single cell suspensions of partial mammary glands.
This technique is based on fluorescent labeling of tissue-specific cell-
surface markers, which facilitates the separation of mammary epithe-
lial cells from endothelial and stromal cells. Epithelial subpopulations
can be further sorted based on fluorescent labeling of subpopula-
tion-specific markers, and transplanted in limiting dilutions into
cleared fat pads of prepubertal mice, to be scored for mammary
repopulation units (MRUs) in these fat pads. Such studies identified
a high MRU-potential of the CD24"&;CD49f"" subpopulation,
whose regenerative potential was demonstrated by their ability to
generate daughter MRUs upon retransplantation to a new cleared
fat pad [208, 209]. This technique has recently been used to identify
subpopulations with high MRU-capacity in the E18.5 ME [17-19].
These studies demonstrated that the stem cell activity of the embry-
onic ME resides entirely in the CD24"e":CD49fsh subpopulation,
and that embryonic ME has a higher regenerative potential than
adult ME [17-19].

However, when single ME cells of an embryonic MR are trans-
planted in a cleared fat pad, they rarely generate mammary glands.
Moreover, when the donor embryo is younger than E15.5, out-
growths are only observed when the ME cells are co-transplanted
with Matrigel. Perhaps this can be explained by lineage-restricted
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stemcellness at E12.5 as follows: Cells can be labeled in a tissue-
specific manner and under temporal control by combining the
CreERT2 and mT/mG transgenes. The mT/mG transgene (encod-
ing the fluorochromes Tomato-Red and Green Fluorescent
Protein, GFP), can be inserted in for example the Rosa26 (R26R)
locus for ubiquitous expression. Under normal conditions, such
transgenic cells express Tomato-Red, whereas upon exposure to
Cre-recombinase (from the CreERT2 transgene), they switch to
GFP expression. The Cre-ERT2 transgene expresses Cre-
recombinase upon occupation of its ERT2 binding sites by estro-
genic compounds like tamoxifen. Insertion of this transgene in the
locus of a tissue-specific gene and temporal control of adminis-
tering tamoxifen provides temporospatial control of the color
switch of mTmG transgenic cells, and subsequently all progeny of
switched cells will express GFP. Axin2 is a mediator and target of
Wnt/p-catenin signaling, and is expressed throughout the MR
epithelium at E12.5 [183]. When female mice pregnant of
Axin2CreERT2/+ R2GR™™E/+ embryos are given tamoxifen mice on
the 12th, 14th or 17th day of pregnancy, the mammary glands of
their oftspring in adulthood will only express GFP in luminal cell,
indicating that embryonic mammary cells engaged in canonical
Wnat signaling are progenitors for exclusively the luminal lineage
[183]. These data suggest there may already be separate stem or
progenitor cell populations for the luminal, the basal, and perhaps
both cell layers at that time. This lineage restriction of at least some
cells in the embryonic MR may explain the low take rate of trans-
planted single cells of embryonic MRs. On the other hand, trans-
plantation of FACS-sorted lineage-restricted stem cells in cleared
fat pads still yields normal outgrowths with a basal and luminal
compartment, strongly suggesting that lineage-restriction is a fac-
ultative state in real life, which can be converted into bipotency
upon disturbance of the normal cell and tissue integrity [ 183].

The success rate of generating a mammary gland increases dra-
matically when single ME cells are used of E15.5 and E16.5 MREs,
and keeps on increasing by using E17.5 and E18.5 ME. These data
suggest that critical properties required for the outgrowth of a
mammary gland in such experiments are required at E15.5 [18]. It
is worth noting that E15.5 is also the decisive stage for MRs in
certain mutants (e.g., Lefl”~,Msx17/~;Msx27~) to either survive or
revert to an epidermal fate [135, 156, 168], just prior to keratini-
zation and impermeabilization of the epidermis. As ME cells are
thus not committed to a mammary fate prior to E15.5, an alterna-
tive explanation for the low take rate of single ME cells in trans-
plantation assays, it that the harsh circumstances during cell
dissociation may change their expression pattern such that
they cannot maintain their identity as mammary stem cells of any
kind [41].
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Microarray analysis of this subpopulation revealed that the
gene expression profile of E18.5 fetal mammary stem cells
(fMaSCs) cells shows overlap with, but is very different from that
of adult MaSCs. By contrast, the expression profile of fetal mam-
mary stroma (fSTR) more closely resembles that of aMaSCs.
fMaSCs express markers of multiple adult mammary lineages (indi-
cating multipotency) in addition to gene sets that are unique for
embryonic ME [18]. Although the expression signatures of
tMaSCs and fSTR are significantly different from those of E12.5
ME respectively MM, it is of great interest that some breast cancer
subtypes are enriched for any of these profiles [18, 29]. However,
it must be noted that the entire experimental procedure prior to
the gene-profiling step may have altered the expression pattern,
given the observed differences in potential (bipotent versus lineage-
restricted) observed for the same cell population in lineage-tracing
experiments versus FACS + transplantation assays [ 183].

14 Experimental Design and Pitfalls in Interpretation of Own and Published Data

Studies on the embryonic mammary gland rely partly on distinct
techniques, some of which differ from those in the adult mammary
gland, such as explant culture, tissue separation and recombination,
grafting, whole mount in situ hybridization, and immunodetection.
The development and applications of those techniques has been
described in this review. Figure 4 illustrates how these field-specific
techniques can be combined in parallel or sequentially with generic
molecular and biochemistry techniques, as well as with the most
recent stem cell and “omics” techniques, to address most ques-
tions related to embryonic mammary gland development.

Until about the 1970s, only few experimental interventions
were possible, and consequently most studies were based on
histology and microscopy solely. Such studies revealed differ-
ences in histological appearance and organ morphology between
different species and developmental stages. However, some
researchers would speculate or draw conclusions about possible
mechanisms that would cause these appearances and changes,
without having the proper experimental basis for such conclu-
sions. Some of these conclusions were wrongfully propagated in
the literature and extrapolated to other species, and almost
became dogmatic to the field. For example mammary gland
development was published to start with the formation of a con-
tinuous ectodermal band/line/ridge from and on which the
MRs develop [45]. However, recent studies with molecular
techniques and genetically engineered mice with more than the
usual five pairs of MRs, contradict this: First many individual
sites of possible MR development are formed, which then tem-
porarily fuse into a continuous line (one line on each flank),
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Fig. 4 Flowchart for experimental setup for studies of embryonic mammary development. These studies start
with the husbandry of (genetically engineered) mice, and may include explant culture, and a variety of molecu-
lar and histological analyses
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after which MR development continues only at a subset of the
initial sites [41, 61]. The histological observation that the ML
and MRs were already multilayered before the surface ecto-
derm, led to a similar unfounded conclusion that this preco-
cious multilayering was due to locally enhanced cell proliferation
[45]. Decades later, a study with tritiated thymidine incorpora-
tion demonstrated the near absence of proliferative activity in
MRs between E12.5 and E13.5 [13]. In subsequent literature,
these two conclusions were combined and propagated as the
misconception that MRs would undergo 24 h of proliferative
arrest - after supposedly initial high proliferative activity -
between E12.5 and E13.5, even though Balinsky had already
contested the assumption that initial multilayering was due to
cell proliferation [46]. These examples underscore two often-
made mistakes: drawing mechanistic conclusions from static
data without experimental variables, and the wrongful combina-
tion and rephrasing of published conclusions.

Nowadays, gene and protein expression data are often similarly
misinterpreted. For example, whole mount in situ hybridization
patterns are often judged without sectioning. However, due to the
transparency of the embryo, hybridization signals of deeper tissues
can be seen through the embryonic skin, but not attributed to a
particular organ or tissue. It may be tempting to interpret a stacked
array of dorsoventral hybridization stripes on the flank as somitic
gene expression, while it also possible that the signal is generated
by the somite-derived dermis or overlying ectoderm. Only
sectioning of the embryo can reveal which (combination) of these
tissues generates the hybridization signal.

In addition, the absence of a hybridization signal is often inter-
preted as the absence of a structure, e.g., the absence of Wnt10b or
Lefl expression as markers for MRs, is often interpreted as an
absence of MRs. This implies that the researcher assumes that these
markers are required for the formation of MRs. This assumption is
understandable, since Wnt signaling is known to be required for
placode formation [148]. Nonetheless, the assumption is incor-
rect. Whereas Wntl0b is a very suitable marker for the ML and
MRs of C57BL/6] mice [61], some albino mouse strains do not
express this marker yet develop functional mammary glands
(J. Veltmaat, unpublished observations) and Wnzl06 null mice
have no reported mammary gland defect [210]. This illustrates
that mere gene expression should not be confused with (or misin-
terpreted as) gene function, and an absence of gene expression may
not be interpreted as an absence of a structure. Similarly, Lef1 is a
marker for and mediator of canonical Wnt-signaling. Whereas MRs
of Lefl nulls show severe hypoplasia at E12.5 [156] and arrest in
bud stage or disappear by E15.5 [135], all MRs are induced at
E11.5 [pers. comm Kratochwil in ref. [53]; and personal observa-
tions]. Therefore, an absence of Lefl expression should not be
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interpreted as an absence of MR formation. TOPGAL-F is a suit-
able reporter for only a subset of all Wnt-signaling. Even though it
also nicely marks the ML and MRy, its absence of expression does
not necessarily indicate an absence of all Wnt signaling or MR for-
mation. The absence of marker expression should always be accom-
panied by histological analysis to warrant a conclusion that
structures are indeed absent.

Conversely, the presence of gene-expression may indicate that
a structure is there, but does not necessarily mean the structure is
normal. In some mutant mouse strains on a TOPGAL background,
the MRs may appear as narrower or wider dots, which is often
interpreted as smaller or larger MRs. However, the size but not
morphology may still be normal, as the MRs may have a relatively
elongated respectively flattened shape compared to wild type lit-
termates. In conclusion, it is always advisable to combine gene
expression analysis with histological analysis.

If new mutant mice are generated and published “with no
mammary defects” or “to nurse their offspring normally,” this
does not exclude possible anomalies in the number, morphology,
or full functionality of mammary glands, especially if the publish-
ing lab has no interest in mammary development per se.

Only since the beginning of this century has the notion grown
that all pairs of MRs in mouse embryos are different with respect
to the timing of their appearance [52, 53, 62], their molecular
requirements and morphogenetic program [27, 52-54]. When
reading older literature, but even when reading recent literature,
one should keep in mind that findings and models may be pub-
lished as if valid for all MRs, while perhaps only one, two, or three
pairs of MRs were used for the study without specific mentioning.
MR3 is especially easily accessible for experimentation; whereas
MRI1 and MRS5 are hidden behind the limbs and hard to view or
retrieve, and consequently are often not taken along in the analy-
sis. Thus, if a publication states that for example embryonic mam-
mary glands of embryonic lethal mutants develop with—or
without—abnormalities upon transplantation in a cleared fat pad,
this may not hold true for all MRs. On the same note, it is advis-
able to design future studies such, that all MRs are examined sepa-
rately in each experiment, and reported as separate entities in the
literature as well.

Modern techniques are becoming increasingly sensitive, allow-
ing even stem cell assays and transcriptome analysis to be per-
formed with embryonic mammary rudiments.

A tew technical territories remain unexplored, such as pro-
teomics and biochemical assays such as immunoprecipitations
or pull-down, due to their requirement for greater quantities
of sample material. But a true technical challenge seems to be
live imaging of cell behavior during embryonic mammary
gland development, due to the continual shift of the plane of
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interest during growth ex vivo. The establishment of good live
imaging protocols would be extremely helpful in establishing
the area and direction of cell migration in the establishment of
the ML and MRs, or the behavior of cells within the develop-
ing MRs.

15 Conclusion

This review describes how, with perhaps the exception of some
live imaging and biochemical techniques that require large
amounts of protein as input, all techniques that are used to study
the postnatal mammary gland can also be used to study the
embryonic mammary gland. But the embryonic mammary gland
has other advantages: It can be easily dissected, and optionally its
tissues can be separated and recombined in various combinations,
for growth ex vivo or as a transplant, which facilitates the study
the role of tissue interactions in morphogenesis and function.
Such studies are more difficult to carry out with adult mammary
glands, due to their greater tissue complexity. Moreover, in cases
where the role of a gene or its mutation in the postnatal gland
cannot be studied due to perinatal lethality of constitutive mutants,
and tissue-specific mutants are not available, mutant embryonic
MRs can be transplanted into a wild type prepubertal mammary
gland for further study.

Studies on the embryonic mammary gland are certainly rele-
vant to postnatal mammary gland development, function, and
pathology, because the embryonic mammary gland displays many
features of the postnatal mammary gland: It already contains stem
cells [17-19], commits to a mammary fate by producing milk
when stimulated by pregnancy hormones [92], and undergoes a
series of morphogenetic changes that are reiterated during puberty
and pregnancy. There is a high degree of similarity in tissue interac-
tions and molecular controls of these changes during embryonic
and postnatal life in the mouse [13, 16]. Moreover, such molecular
similarities have also begun to be discovered between mice and
human, even extending between murine embryonic mammary
development and postnatal mammary tumorigenesis in mouse and
human [211]. Another resemblance lies in the influence of the
mammary stroma on the functional differentiation and homeosta-
sis of the mammary epithelium during embryonic mammary gland
development, and postnatal formation of hyperplasia and neoplas-
tic lesions [ 30, 90, 212]. Such parallels make studies of the embry-
onic mammary gland important even beyond the questions
concerning the embryonic phase per se [38].

In conclusion, given the relative lack of tissue complexity of
the embryonic mammary glands and the ease with which they can
be accessed and manipulated for study, the embryonic mammary
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glands are a very suitable starting point or alternative or additional
model to study a wide range of questions pertaining to normal and
pathological postnatal breast development as well.

Acknowledgements
The author is grateful for the financial support of the European
Commission Fifth Framework, Institut Curie (Paris, France),
California Breast Cancer Research Program, and Children’s
Hospital Los Angeles (CA, USA), as well as the A*STAR
Institute of Molecular and Cell Biology and National University
of Singapore (Singapore) that enabled her so far to explore and
contribute to this fascinating field of research. She would also
like to thank her colleagues through the years both in the lab
and in the field for sharing the passion to further this field of
research. She regrets if any contribution to this field is not cited
in this review.
References
1. Aristotle (approx. 350 B.C.) On the parts of 8. Bresslau E (1920) The mammary apparatus
animals — in four books (trans: Ogle W). of the Mammalia: in the light of ontogenesis
Kegan Paul, Trench & Co, London and phylogenesis. Methuen & Co, Ltd,
2. Evarts JL, Rasweiler JJ, Behringer RR, London
Hennighausen L, Robinson GW (2004) A 9. Diamond JM (1987) Evolutionary adapta-
morphological and immunohistochemical tions. Aristotle’s theory of mammalian teat
comparison of mammary tissues from the number is confirmed. Nature 325(6101):200.
short-tailed fruit bat (Carollia perspicillata) doi:10.1038,/325200a0
and the mouse. Biol Reprod 70(6):1573-  10. Koo W, Tank S, Martin S, Shi R (2014) Human
1579. doi:10.1095 /biolreprod.103.022988 milk and neurodevelopment in children with
3. Francis CM, Anthoy EP, Brunton JA, Kunz very low birth weight: a systematic review. Nutr
TH (1994) Lactation in male fruit bats. J13:94. doi:10.1186,/1475-2891-13-94
Nature 367:691-692 11. Goldman AS (2012) Evolution of immune
4. Linnaeus C (1758-1759) Systema naturae functions of the mammary gland and protec-
per regna tria natura, secundum classes, tion of the infant. Breastfeed Med 7(3):132—
ordines, genera, species, cum characteribus, 142. d0i:10.1089 /bfm.2012.0025
differentiis synonymis, locis (trans: Turton 12, Butler JE (1979) Immunologic aspects of
W), 10 edn. Laurentius Salvius, Stockholm breast feeding, antiinfectious activity of breast
5. Oftedal OT, Dhouailly D (2013) Evo-devo of milk. Semin Perinatol 3(3):255-270
the mammary gland. ] Mammary .Gland Biol 13. Robinson GW, Karpf AB, Kratochwil K
Neoplasia  18(2):105-120.  doi:10.1007/ (1999) Regulation of mammary gland devel-
s10911-013-9290-8 opment by tissue interaction. ] Mammary
6. Koyama S, Wu HJ, Easwaran T, Thopady S, Gland Biol Neoplasia 4(1):9-19
EOICY J (2013) The nipple: a.simplc intersec- 14. Robinson GW (2007) Cooperation of signal-
tion of mammary gland anc! integument, but ling pathways in embryonic mammary gland
focal point of organ function. J Mammary development. Nat Rev Genet 8(12):963-972.
Gland  Biol  Neoplasia 18(2):121-131. doi:10.1038 /nrg2227, nrg2227 [pii]
doi:10.1007/510911-013-9289-1 15. Robinson GW (2004 ) Identification of signal-
7. Oftedal OT (2002) The mammary gland and ing pathways in early mammary gland devel-

its origin during synapsid evolution. ] Mammary
Gland Biol Neoplasia 7(3):225-252

opment by mouse genetics. Breast Cancer Res
6(3):105-108. doi:10.1186/bcr776


http://dx.doi.org/10.1095/biolreprod.103.022988
http://dx.doi.org/10.1007/s10911-013-9290-8
http://dx.doi.org/10.1007/s10911-013-9290-8
http://dx.doi.org/10.1007/s10911-013-9289-1
http://dx.doi.org/10.1038/325200a0
http://dx.doi.org/10.1186/1475-2891-13-94
http://dx.doi.org/10.1089/bfm.2012.0025
http://dx.doi.org/10.1038/nrg2227
http://dx.doi.org/10.1186/bcr776

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Technical Research History of Mouse Embryonic Mammogenesis 67

Watson CJ, Khaled WT (2008) Mammary
development in the embryo and adult: a jour-
ney of morphogenesis and commitment.
Development 135(6):995-1003.doi:10.1242 /
dev.005439

Makarem M, Spike BT, Dravis C, Kannan N,
Wahl GM, Eaves CJ (2013) Stem cells and the
developing mammary gland. J Mammary
Gland Biol Neoplasia 18(2):209-219.
doi:10.1007/s10911-013-9284-6

Spike BT, Engle DD, Lin JC, Cheung SK, La
J, Wahl GM (2012) A mammary stem cell
population identified and characterized in late
embryogenesis reveals similarities to human
breast cancer. Cell Stem Cell 10(2):183-197.
doi:10.1016/j.stem.2011.12.018

Makarem M, Kannan N, Nguyen LV, Knapp
DJ, Balani S, Prater MD, Stingl J, Raouf A,
Nemirovsky O, Eirew P, Eaves CJ (2013)
Developmental changes in the in vitro acti-
vated regenerative activity of primitive mam-
mary epithelial cells. PLoS Biol 11(8),
¢1001630. doi:10.1371 /journal.
pbio.1001630

Bell A (1899) Bell on the development by
selection of supernumerary mammae in sheep.
Science 9(227):637-639

Hsu MJ, Moore J, Lin JF, Agoramoorthy G
(2000) High incidence of supernumerary
nipples and twins in formosan macaques
(Macaca cyclopis) at Mt. Longevity, Taiwan.
Am ] Primatol 52(4):199-205. doi:10.1002/
1098-2345(200012)52:4<199::AID-AJP4>3
.0.CO;2-2

Cellini A, Offidani A (1992) Familial super-
numerary nipples and breasts. Dermatology
185(1):56-58

Schmidt H (1998) Supernumerary nipples:
prevalence, size, sex and side predilection — a
prospective clinical study. Eur ] Pediatr
157(10):821-823

Duijvesteijn N, Veltmaat JM, Knol EF,
Harlizius B (2014) High-resolution associa-
tion mapping of number of teats in pigs
reveals regions controlling vertebral develop-
ment. BMC Genomics 15:542.
doi:10.1186,/1471-2164-15-542

Drickamer LC, Rosenthal TL, Arthur RD
(1999) Factors affecting the number of teats
in pigs. ] Reprod Fertil 115(1):97-100
Merks JW, Mathur PK, Knol EF (2012) New
phenotypes for new breeding goals in pigs.
Animal 6(4):535-543. doi:10.1017/
$1751731111002266

Veltmaat JM, Ramsdell AF, Sterneck E (2013)
Positional variations in mammary gland devel-
opment and cancer. ] Mammary Gland Biol

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Neoplasia 18(2):179-188.
s10911-013-9287-3
Howard B, Ashworth A (2006) Signalling
pathways implicated in early mammary gland
morphogenesis and breast cancer. PLoS
Genet 2(8), ell2. doi:10.1371/journal.
pgen.0020112, 06-PLGE-RV-0134R2 [pii]
Wansbury O, Mackay A, Kogata N,
Mitsopoulos C, Kendrick H, Davidson K,
Ruhrberg C, Reis-Filho JS, Smalley M]J,
Zvelebil M, Howard BA (2011) Transcriptome
analysis of embryonic mammary cells reveals
insights into mammary lineage establishment.
Breast Cancer Res 13(4):R79. doi:10.1186/
bcr2928

Sakakura T, Suzuki Y, Shiurba R (2013)
Mammary stroma in development and carci-
nogenesis. ] Mammary Gland Biol Neoplasia
18(2):189-197. doi:10.1007/s10911-013-
9281-9

Takebe N, Warren RQ, Ivy SP (2011) Breast
cancer growth and metastasis: interplay
between cancer stem cells, embryonic signal-
ing pathways and epithelial-to-mesenchymal
transition. Breast Cancer Res 13(3):211.
doi:10.1186,/bcr2876

Kim EJ, Jung HS, Lu P (2013) Pleiotropic
functions of fibroblast growth factor signaling
in embryonic mammary gland development.
J Mammary Gland Biol Neoplasia 18(2):139—
142. doi:10.1007/s10911-013-9278-4
Douglas NC, Papaioannou VE (2013) The
T-box transcription factors TBX2 and
TBX3 in mammary gland development and
breast cancer. ] Mammary Gland Biol
Neoplasia  18(2):143-147. doi:10.1007/
s10911-013-9282-8

American Cancer Society (2014) Breast can-
cer key statistics. http://www.cancer.org/
cancer/breastcancer/detailedguide /breast-
cancer-key-statistics. Accessed 17 Nov 2014
Cancer ResearchUK (2014) Breast cancer key
facts. http://publications.cancerresearchuk.
org/downloads/Product/CS_KF_BREAST.
pdf. Accessed 17 Nov 2014

Cancer Research UK (2014) Breast cancer
risk factors. http://www.cancerresearchuk.
org/cancer-info/cancerstats /types,/breast/
riskfactors/breast-cancer-risk-factors#Family.
Accessed 17 Nov 2014

American Cancer Society (2014) What are the
risk factors for breast cancer? http://www.
cancer.org/cancer/breastcancer/
detailedguide /breast-cancer-risk-factors.
Accessed 17 Nov 2014

Howard BA, Veltmaat JM (2013) Embryonic
mammary gland development; a domain of

doi:10.1007/


http://dx.doi.org/10.1242/dev.005439
http://dx.doi.org/10.1242/dev.005439
http://dx.doi.org/10.1007/s10911-013-9284-6
http://dx.doi.org/10.1016/j.stem.2011.12.018
http://dx.doi.org/10.1371/journal.pbio.1001630
http://dx.doi.org/10.1371/journal.pbio.1001630
http://dx.doi.org/10.1002/1098-2345(200012)52:4<199::AID-AJP4>3.0.CO;2-2
http://dx.doi.org/10.1002/1098-2345(200012)52:4<199::AID-AJP4>3.0.CO;2-2
http://dx.doi.org/10.1002/1098-2345(200012)52:4<199::AID-AJP4>3.0.CO;2-2
http://dx.doi.org/10.1186/1471-2164-15-542
http://dx.doi.org/10.1017/S1751731111002266
http://dx.doi.org/10.1017/S1751731111002266
http://dx.doi.org/10.1007/s10911-013-9287-3
http://dx.doi.org/10.1007/s10911-013-9287-3
http://dx.doi.org/10.1371/journal.pgen.0020112
http://dx.doi.org/10.1371/journal.pgen.0020112
http://dx.doi.org/10.1186/bcr2928
http://dx.doi.org/10.1186/bcr2928
http://dx.doi.org/10.1007/s10911-013-9281-9
http://dx.doi.org/10.1007/s10911-013-9281-9
http://dx.doi.org/10.1186/bcr2876
http://dx.doi.org/10.1007/s10911-013-9278-4
http://dx.doi.org/10.1007/s10911-013-9282-8
http://dx.doi.org/10.1007/s10911-013-9282-8
http://www.cancer.org/cancer/breastcancer/detailedguide/breast-cancer-key-statistics
http://www.cancer.org/cancer/breastcancer/detailedguide/breast-cancer-key-statistics
http://www.cancer.org/cancer/breastcancer/detailedguide/breast-cancer-key-statistics
http://publications.cancerresearchuk.org/downloads/Product/CS_KF_BREAST.pdf
http://publications.cancerresearchuk.org/downloads/Product/CS_KF_BREAST.pdf
http://publications.cancerresearchuk.org/downloads/Product/CS_KF_BREAST.pdf
http://www.cancerresearchuk.org/cancer-info/cancerstats/types/breast/riskfactors/breast-cancer-risk-factors#Family
http://www.cancerresearchuk.org/cancer-info/cancerstats/types/breast/riskfactors/breast-cancer-risk-factors#Family
http://www.cancerresearchuk.org/cancer-info/cancerstats/types/breast/riskfactors/breast-cancer-risk-factors#Family
http://www.cancer.org/cancer/breastcancer/detailedguide/breast-cancer-risk-factors
http://www.cancer.org/cancer/breastcancer/detailedguide/breast-cancer-risk-factors
http://www.cancer.org/cancer/breastcancer/detailedguide/breast-cancer-risk-factors

68

39.

40.

41.

42.

43.

44

45.

46.

47.

48.

49.

50.

. Hiremath M, Wysolmerski J

Jacqueline M. Veltmaat

fundamental research with high relevance for
breast cancer research. Preface. ] Mammary

Gland  Biol  Necoplasia  18(2):89-91.
doi:10.1007,/510911-013-9296-2
Propper AY (1973)  Développement

Embryonnaire de la Gland Mammaire Chez
le Lapin (Oryctolagus Cuniculus L.). Ph.D.,
Université de Besangon, Besangon

Cardiff RD, Wellings SR (1999) The com-
parative pathology of human and mouse
mammary glands. ] Mammary Gland Biol
Neoplasia 4(1):105-122

Propper AY, Howard BA, Veltmaat JM
(2013) Prenatal morphogenesis of mammary
glands in mouse and rabbit. J Mammary
Gland Biol Necoplasia 18(2):93-104.
doi:10.1007/s10911-013-9298-0

Capecchi MR (1989) The new mouse genet-
ics: altering the genome by gene targeting.
Trends Genet 5(3):70-76

Lindfors PH, Voutilainen M, Mikkola ML
(2013) Ectodysplasin/NF-kappaB signaling
in embryonic mammary gland development.
J  Mammary Gland Biol Neoplasia
18(2):165-169. doi:10.1007,/s10911-013-
9277-5

(2013)
Parathyroid hormone-related protein specifies
the mammary mesenchyme and regulates
embryonic mammary development.
J Mammary Gland Biol Neoplasia 18(2):171-
177. d0i:10.1007 /s10911-013-9283-7
Turner CW, Gomez ET (1933) The normal
development of the mammary gland of the
male and female albino mouse. I Intrauterine.
Missouri Agric Exp Stat Res Bull 182:3-20
Balinsky BI (1950) On the prenatal growth of
the mammary gland rudiment in the mouse.
J Anat 84(3):227-235

Raynaud A (1961) Morphogenesis of the
mammary gland. In: Kon S, Cowie A (eds)
Milk: The mammary gland and its secre-
tion vol 1. Academic, New York, NY,
pp 3-46

Dalton AJ (1945) Histogenesis of the mam-
mary gland of the mouse. The Science Press
Printing Company, Lancaster, PA
Durnberger H, Kratochwil K (1980)
Specificity of tissue interaction and origin of
mesenchymal cells in the androgen response
of the embryonic mammary gland. Cell
19(2):465-471, doi:0092-8674(80)90521-8
[pii]

Durnberger H, Heuberger B, Schwartz D,
Wasner G, Kratochwil K(1978) Mesenchyme-
mediated effect of testosterone on embryonic
mammary epithelium. Cancer Res 38(11 Pt
2):4066—4070

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Propper AY (1978) Wandering epithelial cells
in the rabbit embryo milk line. A preliminary
scanning electron microscope study. Dev Biol
67(1):225-231, doi:0012-1606(78)90311-1
[pii]

Mailleux AA, Spencer-Dene B, Dillon C,
Ndiaye D, Savona-Baron C, Itoh N, Kato S,
Dickson C, Thiery JP, Bellusci S (2002) Role
of FGF10/FGFR2b signaling during mam-
mary gland development in the mouse
embryo. Development 129(1):53-60

Veltmaat JM, Mailleux AA, Thiery JP, Bellusci
S (2003) Mouse embryonic mammogenesis
as a model for the molecular regulation of
pattern formation. Differentiation 71(1):1-
17,  doi:S0301-4681(09)60262-0  [pii]
10.1046,j.1432-0436.2003.700601 .x

Lee MY, Racine V, Jagadpramana P, Sun L, Yu
W, Du T, Spencer-Dene B, Rubin N, Le L,
Ndiaye D, Bellusci S, Kratochwil K, Veltmaat
JM (2011) Ectodermal influx and cell hypertro-
phy provide early growth for all murine mam-
mary rudiments, and are differentially regulated
among them by Gli3. PLoS One 6(10), ¢26242.
doi:10.1371 /journal.pone.0026242

Rasmussen SB, Young LJT, Smith GH (2000)
Preparing mammary gland whole mounts
from mice. In: Ip MM, Asch BB (eds)
Methods in mammary gland biology and
breast cancer research. Kluwer, New York,
NY, pp 75-85

Panchal H, Wansbury O, Howard BA (2010)
Embryonic mammary anlagen analysis using
immunolabelling of whole mounts. Methods
Mol Biol 585:261-270. doi:10.1007/
978-1-60761-380-0_18

Voutilainen M, Lindfors PH, Lefebvre S,
Ahtiainen L, Fliniaux I, Rysti E, Murtoniemi
M, Schneider P, Schmidt-Ullrich R, Mikkola
ML (2012) Ectodysplasin regulates hor-
mone-independent mammary ductal mor-
phogenesis via NF-kappaB. Proc Natl Acad
SciUSA109(15):5744-5749.doi:10.1073 /
pnas. 1110627109

Kogata N, Howard BA (2013) A whole-
mount immunofluorescence protocol for
three-dimensional imaging of the embryonic
mammary primordium. ] Mammary Gland
Biol Neoplasia 18(2):227-231. doi:10.1007 /
s10911-013-9285-5

Sakakura T, Kusano I, Kusakabe M, Inaguma
Y, Nishizuka Y (1987) Biology of mammary
fat pad in fetal mouse: capacity to support
development of various fetal epithelia in vivo.
Development 100(3):421-430

Veltmaat JM, Relaix F, Le LT, Kratochwil K,
Sala FG, van Veelen W, Rice R, Spencer-Dene
B, Mailleux AA, Rice DD, Thiery JP, Bellusci


http://dx.doi.org/10.1007/s10911-013-9296-2
http://dx.doi.org/10.1007/s10911-013-9298-0
http://dx.doi.org/10.1007/s10911-013-9277-5
http://dx.doi.org/10.1007/s10911-013-9277-5
http://dx.doi.org/10.1007/s10911-013-9283-7
http://dx.doi.org/10.1371/journal.pone.0026242
http://dx.doi.org/10.1007/978-1-60761-380-0_18
http://dx.doi.org/10.1007/978-1-60761-380-0_18
http://dx.doi.org/10.1073/pnas.1110627109
http://dx.doi.org/10.1073/pnas.1110627109
http://dx.doi.org/10.1007/s10911-013-9285-5
http://dx.doi.org/10.1007/s10911-013-9285-5

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Technical Research History of Mouse Embryonic Mammogenesis 69

S (2006) Gli3-mediated somitic Fgf10 expres-
sion gradients are required for the induction
and patterning of mammary epithelium along
the embryonic axes. Development
133(12):2325-2335, doi:133/12 /2325
[pii] 10.1242 /dev.02394

Veltmaat JM, Van Veelen W, Thiery JD,
Bellusci S (2004) Identification of the mam-
mary line in mouse by WntlOb expression.
Dev Dyn 229(2):349-356. doi:10.1002/
dvdy. 10441

Eblaghie MC, Song SJ, Kim JY, Akita K,
Tickle C, Jung HS (2004) Interactions
between FGF and Wnt signals and Tbx3 gene
expression in mammary gland initiation in
mouse embryos. ] Anat 205(1):1-13.
doi:10.1111,/5.0021-8782.2004.00309 .x

Kratochwil K (1971) In vitro analysis of the
hormonal basis for the sexual dimorphism in
the embryonic development of the mouse
mammary gland. J Embryol Exp Morphol
25(1):141-153

Sakakura T, Sakagami Y, Nishizuka Y (1982)
Dual origin of mesenchymal tissues participat-
ing in mouse mammary gland embryogenesis.
Dev  Biol 91(1):202-207, doi:0012-
1606(82)90024-0 [pii]

Sakakura T (1987) Mammary embryogenesis.
In: Neville MC, Daniel CW (eds) The mam-
mary gland: development, regulation and
function. Plenum Press, Michigan, pp 37-66

Hogg NA, Harrison CJ, Tickle C (1983)
Lumen formation in the developing mouse
mammary gland. J Embryol Exp Morphol
73:39-57

Foley J, Dann P, Hong J, Cosgrove J, Dreyer
B, Rimm D, Dunbar M, Philbrick W,
Wysolmerski J (2001) Parathyroid hormone-
related protein maintains mammary epithelial
fate and triggers nipple skin differentiation
during embryonic breast development.
Development 128(4):513-525

Balinsky BI (1952) On the developmental pro-
cesses in mammary glands and other epidermal
structures. Trans R Soc Edinb 62:1-31

Propper AY (1976) Modalités et détermin-
isme du développement embryonnaire de la
glande mammaire. Senclogia 1(4):19-26
Cunha GR, Young P, Christov K, Guzman R,
Nandi S, Talamantes F, Thordarson G
(1995) Mammary phenotypic expression
induced in epidermal cells by embryonic
mammary mesenchyme. Acta Anat (Basel)
152(3):195-204

Cho KW, Kim JY, Song S]J, Farrell E, Eblaghie
MC, Kim H]J, Tickle C, Jung HS (2006)
Molecular interactions between Tbx3 and

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Bmp4 and a model for dorsoventral position-
ing of mammary gland development. Proc
Natl Acad Sci U S A 103(45):16788-16793.
doi:10.1073/pnas.0604645103,
0604645103 [pii]

Fell HB, Robison R (1929) The growth,
development and phosphatase activity of
embryonic avian femora and limb-buds culti-
vated in vitro. Biochem J 23(4):767-784
Hardy MH (1950) The development in vitro
of the mammary glands of the mouse. ] Anat
84(4):388-393

Lasfargues EY, Murray MR (1959) Hormonal
influences on the differentiation and growth
of embryonic mouse mammary glands in
organ culture. Dev Biol 1(4):413-435.
doi:10.1016,/0012-1606(59)90037-5

David D, Propper A (1964) Sur la culture
organotypique de la glande mammaire embry-
onnaire du lapin. C R Soc Seances Soc Biol Fil
158:2315-2317

Propper A, Gomot L (1967) Interactions tis-
sulaires au cours de l'organogen'ese de la
glande mammaire de I'embryon de lapin. C R
Acad Sci Hebd Seances Acad Sci D
264(22):2573-2575

Propper A (1968) Relations épidermo-méso-
dermiques dans la différenciation de I'ébauche
mammaire d'embryon de lapin. Ann Embriol
Morphog 1(2):151-160

Propper A (1972) Role du mésenchyme dans
la différenciation de la glande mammaire chez
I'embryon de lapin. Bull Soc Zool France
97(3):505-512

Propper A (1969) Compétence de 1'épiderme
embryonnaire d'oiseau vis-a-vis de l'inducteur
mammaire mésenchymateux. C R Acad Sci
Hebd Seances Acad Sci D 268(10):1423-1426
Grobstein C (1956) Trans-filter induction of
tubules in mouse metanephrogenic mesen-
chyme. Exp Cell Res 10(2):424—440
Kratochwil K (1969) Organ specificity in
mesenchymal induction demonstrated in the
embryonic development of the mammary
gland of the mouse. Dev Biol 20(1):46-71,
doi:0012-1606(69)90004-9 [pii]

Kratochwil K (1986) Tissue combination and
organ culture studies in the development of
the embryonic mammary gland. Dev Biol
(New York, NY: 1985) 4:315-333

Lee JM, Kim EJ, Jung HS (2013) A method
for electroporation to study gene function in
mammary gland development. ] Mammary

Gland Biol Neoplasia 18(2):233-237.
doi:10.1007,/s10911-013-9292-6
Dunbar ME, Young P, Zhang JPD,

McCaughern-Carucci J, Lanske B, Orloff JJ,


http://dx.doi.org/10.1242/dev.02394
http://dx.doi.org/10.1002/dvdy.10441
http://dx.doi.org/10.1002/dvdy.10441
http://dx.doi.org/10.1111/j.0021-8782.2004.00309.x
http://dx.doi.org/10.1073/pnas.0604645103
http://dx.doi.org/10.1016/0012-1606(59)90037-5
http://dx.doi.org/10.1007/s10911-013-9292-6

70

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Jacqueline M. Veltmaat

Karaplis A, Cunha G, Wysolmerski JJ (1998)
Stromal cells are critical targets in the regula-
tion of mammary ductal morphogenesis by
parathyroid hormone-related protein. Dev
Biol 203(1):75-89

Mustonen T, Ilmonen M, Pummila M,
Kangas AT, Laurikkala J, Jaatinen R, Pispa J,
Gaide O, Schneider P, Thesleff I, Mikkola ML
(2004) Ectodysplasin Al promotes placodal
cell fate during early morphogenesis of ecto-
dermal appendages. Development 131(20):
4907-4919. doi:10.1242 /dev.01377, dev.
01377 [pii]

Sun L, Lee MY, Veltmaat JM (2011) A non-
enzymatic microsurgical dissection technique
of mouse embryonic tissues for gene expres-
sion profiling applications. Int J Dev Biol
55:969-974. doi:10.1387 /ijdb.113424ls

Veltmaat JM (2013) Investigating molecular
mechanisms of embryonic mammary gland
development by bead-implantation in embry-
onic flank explant cultures - a protocol.
J Mammary Gland Biol Neoplasia 18(2):247-
252. doi:10.1007,/s10911-013-9297-1
Cunha GR (2013) Tissue recombination tech-
niques for mouse embryonic mammary glands.
J Mammary Gland Biol Neoplasia 18(2):
221-225. doi:10.1007 /s10911-013-9295-3
Voutilainen M, Lindfors PH, Mikkola ML
(2013) Protocol: ex vivo culture of mouse
embryonic mammary buds. ] Mammary
Gland Biol Neoplasia 18(2):239-245.
doi:10.1007,/s10911-013-9288-2

Sakakura T, Nishizuka Y, Dawe CJ (1976)
Mesenchyme-dependent morphogenesis and
epithelium-specific ~ cytodifferentiation  in
mouse mammary gland. Science 194(4272):
1439-1441

Deome KB, Faulkin LJ Jr, Bern HA, Blair PB
(1959) Development of mammary tumors
from hyperplastic alveolar nodules trans-
planted into gland-free mammary fat pads of
female C3H mice. Cancer Res 19(5):
515-520

Sakakura T, Nishizuka Y, Dawe CJ (1979)
Capacity of mammary fat pads of adult C3H/
HeMs mice to interact morphogenetically
with fetal mammary epithelium. J Natl Cancer
Inst 63(3):733-736

Medina D, Vaage J, Sedlacek R (1973)
Mammary noduligenesis and tumorigenesis
in pathogen-free C3Hf mice. J Natl Cancer
Inst 51(3):961-965

Robinson GW, Accili D, Hennighausen L
(2000) Rescue of mammary epithelium of
carly lethal phenotypes by embryonic mam-
mary gland transplantation as exemplified
with insulin receptor null mice. In: Ip MM,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Asch BB (eds) Methods in mammary gland
biology and breast cancer research. Kluwer,
New York, NY, pp 307-316

Gallego MI, Beachy PA, Hennighausen L,
Robinson GW (2002) Differential require-
ments for shh in mammary tissue and hair fol-
licle morphogenesis. DevBiol 249(1):131-139,
doi:S001216060290761X [pii]

Michno K, Boras-Granic K, Mill P, Hui CC,
Hamel PA (2003) Shh expression is required
for embryonic hair follicle but not mammary
gland development. Dev Biol 264(1):153-
165, doi:S0012160603004019 [pii]

Joshi PA, Chang H, Hamel PA (2006) Loss
of Alx4, a stromally-restricted homeodomain
protein, impairs mammary epithelial morpho-
genesis.  Dev  Biol  297(1):284-294.
doi:10.1016/j.ydbio.2006.05.032

Raynaud A, Pieau C (1974) Inhibitory capac-
ity of testosterone towards sexual and mam-
mary embryonic primordia. C R Soc Seances
Soc Biol Fil 168(2-3):207-210

Raynaud A, Raynaud J (1953) Process of
destruction of the second inguinal pair of
mammary buds in male mouse fetus. C R
Soc Seances Soc Biol Fil 147(23-24):
1962-1967

Richardson FL, Cloudman AM (1947) The
mammary gland development in male mice
at nine weeks of age. Anat Rec 97(2):
223-237

Hoshino K (1965) Development and func-
tion of mammary glands of mice prenatally
exposed to  testosterone  propionate.
Endocrinology 76:789-794. doi:10.1210/
endo-76-4-789

Elger W, Neumann F (1966) The role of
androgens in differentiation of the mammary
gland in male mouse fetuses. Proc Soc Exp
Biol Med 123(3):637-640

Lyon MF, Hawkes SG (1970) X-linked gene
for testicular feminization in the mouse.
Nature 227(5264):1217-1219

Attardi B, Ohno S (1978) Physical properties
of androgen receptors in brain cytosol from
normal and testicular feminized (Tfm/y her-
maphrodite) mice. Endocrinology 103(3):
760-770. doi:10.1210/endo-103-3-760

Gehring U, Tomkins GM, Ohno S (1971)
Effect of the androgen-insensitivity mutation
on a cytoplasmic receptor for dihydrotestos-
terone. Nature 232(30):106-107

Kratochwil K, Schwartz P (1976) Tissue
interaction in androgen response of embry-
onic mammary rudiment of mouse: identifica-

tion of target tissue for testosterone. Proc
Natl Acad Sci U S A 73(11):4041-4044


http://dx.doi.org/10.1242/dev.01377
http://dx.doi.org/10.1387/ijdb.113424ls
http://dx.doi.org/10.1007/s10911-013-9297-1
http://dx.doi.org/10.1007/s10911-013-9295-3
http://dx.doi.org/10.1007/s10911-013-9288-2
http://dx.doi.org/10.1016/j.ydbio.2006.05.032
http://dx.doi.org/10.1210/endo-76-4-789
http://dx.doi.org/10.1210/endo-76-4-789
http://dx.doi.org/10.1210/endo-103-3-760

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Technical Research History of Mouse Embryonic Mammogenesis 71

Heuberger B, Fitzka I, Wasner G, Kratochwil
K (1982) Induction of androgen receptor for-
mation by epithelium-mesenchyme interac-

tion in embryonic mouse mammary gland.
Proc Natl Acad Sci U S A 79(9):2957-2961

Wasner G, Hennermann I, Kratochwil K
(1983) Ontogeny of mesenchymal androgen
receptors in the embryonic mouse mammary
gland. Endocrinology 113(5):1771-1780.
doi:10.1210/endo-113-5-1771

Dunbar ME, Dann PR, Robinson GW,
Hennighausen L, Zhang JP, Wysolmerski JJ
(1999) Parathyroid hormone-related protein
signaling is necessary for sexual dimorphism

during embryonic mammary development.
Development 126(16):3485-3493

vom Saal FS, Quadagno DM, Even MD,
Keisler LW, Keisler DH, Khan S (1990)
Paradoxical effects of maternal stress on fetal
steroids and postnatal reproductive traits in
female mice from different intrauterine posi-
tions. Biol Reprod 43(5):751-761

Vandenberg LN, Maffini MV, Wadia PR,
Sonnenschein C, Rubin BS, Soto AM (2007)
Exposure to environmentally relevant doses of
the xenoestrogen bisphenol-A alters develop-
ment of the fetal mouse mammary gland.
Endocrinology 148(1):116-127. d0i:10.1210/
en.2006-0561, en.2006-0561 [pii]

Raynaud A (1955) Frequency and distribu-
tion of mammary deformities in the mouse
fetus following estrogen injection. C R Soc
Seances Soc  Biol Fil  149(11-12):
1229-1233

Raynaud A, Raynaud J (1956) Production of
experimental mammary malformations of the
mammary gland in mouse fetus by sex hor-
mones. Ann Inst Pasteur (Paris) 90(1):
39-91

Kratochwil K (1977) Development and loss
of androgen responsiveness in the embryonic
rudiment of the mouse mammary gland. Dev
Biol 61(2):358-365

Raynaud A, Chaulin-Serviniere ] (1954)
Effect of estrogenic hormone on transforma-
tion of the mammary anlage of the single pri-
mary cord in the mouse fetus in the enlage
with multiple nodes or two primary mam-
mary cords. C R Hebd Seances Acad Sci
239(2):191-193

Raynaud A, Raynaud J (1955) Frequency of
mammary deformities in female mouse fetus
from mice receiving estradiol dipropionate
injection during gestation. C R Soc Seances
Soc Biol Fil 149(11-12):1233-1236

Raynaud A, Raynaud J (1955) Formation of
epidermic cone supporting the mammary

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

cord in the fetus of mice treated with estro-
gens. C R Hebd Seances Acad Sci
240(7):810-812

Raynaud A, Raynaud J (1954) Various mam-
mary malformations produced in mouse fetus
by sex hormones. C R Soc Seances Soc Biol
Fil 148(11-12):963-968

Raynaud A, Raynaud ] (1954) Effects of
injection of less than a milligram of estradiol
in pregnant mice on primordial cells of mam-
mary glands of female mouse fetuses. C R Soc
Seances Soc Biol Fil 148(9-10):848-853

Raynaud A, Raynaud JC (1956) Successive
fetal stages of inhibition of the development
of the mammary rudiments of the mouse,

under the effect of an estrogenic hormone. C
R Hebd Seances Acad Sci 243(4):424—427

Narbaitz R, Stumpf WE, Sar M (1980)
Estrogen receptors in mammary gland pri-
mordia of fetal mouse. Anat Embryol
158(2):161-166

Lemmen JG, Brockhof JL, Kuiper GG,
Gustafsson JA, van der Saag PT, van der Burg
B (1999) Expression of estrogen receptor
alpha and beta during mouse embryogenesis.
Mech Dev 81(1-2):163-167

van der Burg B, Sonneveld E, Lemmen JG,
van der Saag PT (1999) Morphogenetic
action of retinoids and estrogens. Int J Dev
Biol 43(7):735-743

Lemmen JG, van den Brink CE, Legler J, van
der Saag PT, van der Burg B (2002) Detection
of oestrogenic activity of steroids present dur-
ing mammalian gestation using oestrogen
receptor alpha- and oestrogen receptor beta-
specific in vitro assays. ] Endocrinol
174(3):435-446

Ismail PM, Li J, DeMayo FJ, O'Malley BW,
Lydon JP (2002) A novel LacZ reporter
mouse reveals complex regulation of the pro-
gesterone receptor promoter during mam-
mary gland development. Mol Endocrinol
16(11):2475-2489. doi:10.1210/
me.2002-0169

Acevedo N, Davis B, Schaecberle CM,
Sonnenschein C, Soto AM (2013) Perinatally
administered bisphenol a as a potential mam-
mary gland carcinogen in rats. Environ Health
Perspect 121(9):1040-1046. doi:10.1289/
chp.1306734

Cabaton NJ, Canlet C, Wadia PR, Tremblay-
Franco M, Gautier R, Molina J, Sonnenschein
C, Cravedi JP, Rubin BS, Soto AM, Zalko D
(2013) Effects of low doses of bisphenol A on
the metabolome of perinatally exposed CD-1
mice. Environ Health Perspect 121(5):586—
593. doi:10.1289 /¢hp.1205588


http://dx.doi.org/10.1210/endo-113-5-1771
http://dx.doi.org/10.1210/en.2006-0561
http://dx.doi.org/10.1210/en.2006-0561
http://dx.doi.org/10.1210/me.2002-0169
http://dx.doi.org/10.1210/me.2002-0169
http://dx.doi.org/10.1289/ehp.1306734
http://dx.doi.org/10.1289/ehp.1306734
http://dx.doi.org/10.1289/ehp.1205588

72

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Jacqueline M. Veltmaat

Soto AM, Brisken C, Schaeberle C,
Sonnenschein C (2013) Does cancer start in
the womb? altered mammary gland develop-
ment and predisposition to breast cancer due
to in utero exposure to endocrine disruptors.
J Mammary Gland Biol Neoplasia 18(2):199-
208. doi:10.1007,/s10911-013-9293-5

Vandenberg LN, Schaeberle CM, Rubin BS,
Sonnenschein C, Soto AM (2013) The male
mammary gland: a target for the xenoestrogen
bisphenol A. Reprod Toxicol (Elmsford, NY)
37:15-23. doi:10.1016/j.reprotox.2013.01.002

Wadia PR, Cabaton NJ, Borrero MD, Rubin
BS, Sonnenschein C, Shioda T, Soto AM
(2013) Low-dose BPA exposure alters the mes-
enchymal and epithelial transcriptomes of the
mouse fetal mammary gland. PLoS One §(5),
€63902. doi:10.1371 /journal.pone.0063902

Gomot L, Propper A (1965) Localisation de
la phosphatase alcaline et des acides nucleai-
ques dans la glande mammaire de 1'embryon
de lapin. Ann Facult Sci Univ Clermont
26(2):47-56

Kimata K, Sakakura T, Inaguma Y, Kato M,
Nishizuka Y (1985) Participation of two
different mesenchymes in the developing
mouse mammary gland: synthesis of base-
ment membrane components by fat pad
precursor cells. J Embryol Exp Morphol
89:243-257

Sakakura T, Ishihara A, Yatani R (1991)
Tenascin in mammary gland development:
from embryogenesis to carcinogenesis.
Cancer Treat Res 53:383-400

Inaguma Y, Kusakabe M, Mackie EJ, Pearson
CA, Chiquet-Ehrismann R, Sakakura T
(1988) Epithelial induction of stromal tenas-
cin in the mouse mammary gland: from
embryogenesis to carcinogenesis. Dev Biol
128(2):245-255

van Genderen C, Okamura RM, Farinas I,
Quo RG, Parslow TG, Bruhn L, Grosschedl
R (1994) Development of several organs that
require inductive epithelial-mesenchymal
interactions is impaired in LEF-1-deficient
mice. Genes Dev 8(22):2691-2703
Kalembeyi I, Yoshida T, Iriyama K, Sakakura T
(1997) Analysis of tenascin mRNA expression
in the murine mammary gland from embryo-
genesis to carcinogenesis: an in situ hybridiza-
tion study. Int ] Dev Biol 41(4):569-573
Wysolmerski JJ, Philbrick WM, Dunbar ME,
Lanske B, Kronenberg H, Broadus AE (1998)
Rescue of the parathyroid hormone-related
protein knockout mouse demonstrates that
parathyroid hormone-related protein is essen-
tial for mammary gland development.
Development 125(7):1285-1294

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

Raynaud A, Raynaud J (1956) Experimental
production of mammary malformations in rat
fetuses by sex hormones. Ann Inst Pasteur
(Paris) 90(2):187-220

Johnson DR (1967) Extra-toes: a new mutant
gene causing multiple abnormalities in the
mouse. ] Embryol Exp Morphol 17(3):
543-581

Hui CC, Joyner AL (1993) A mouse model
of Greig cephalopolysyndactyly syndrome:
the extra-toes] mutation contains an intra-
genic deletion of the Gli3 gene. Nat Genet
3(3):241-246. doi:10.1038 /ng0393-241
Howard B, Panchal H, McCarthy A,
Ashworth A (2005) Identification of the scar-
amanga gene implicates Neuregulin3 in mam-
mary gland specification. Genes Dev
19(17):2078-2090, doi:19/17,/2078 [pii]
10.1101/gad.338505

Howard BA, Gusterson BA (2000) The char-
acterization of a mouse mutant that displays
abnormal mammary gland development.
Mamm Genome 11(3):234-237

Howard BA, Gusterson BA (2000)
Mammary gland patterning in the AXB/
BXA recombinant inbred strains of mouse.
Mech Dev 91(1-2):305-309, doi:S0925-
4773(99)00268-3 [pii]

Mustonen T, Pispa J, Mikkola ML, Pummila M,
Kangas AT, Pakkasjarvi L, Jaatinen R, Thesleff I
(2003) Stimulation of ectodermal organ devel-
opment by ectodysplasin-Al. Dev Biol
259(1):123-136, doi:S001216060300157X
[pil]

Yang A, Schweitzer R, Sun D, Kaghad M,
Walker N, Bronson RT, Tabin C, Sharpe A,
Caput D, Crum C, McKeon F (1999) p63 is
essential for regenerative proliferation in limb,
craniofacial and epithelial development. Nature
398(6729):714-718. d0i:10.1038 /19539
Mills AA, Zheng B, Wang X]J, Vogel H, Roop
DR, Bradley A (1999) p63 is a p53 homo-
logue required for limb and epidermal mor-
phogenesis. Nature 398(6729):708-713.
doi:10.1038 /19531

Andl T, Reddy ST, Gaddapara T, Millar SE
(2002) WNT signals are required for the ini-
tiation of hair follicle development. Dev Cell
2(5):643-653

Chu EY, Hens J, Andl T, Kairo A, Yamaguchi
TP, Brisken C, Glick A, Wysolmerski JJ, Millar
SE (2004 ) Canonical WNT signaling promotes
mammary placode development and is essential
for initiation of mammary gland morphogene-
sis. Development 131(19):4819-4829.
doi:10.1242 /dev.01347, dev.01347 [pii]
Davenport TG, Jerome-Majewska LA,
Papaioannou VE (2003) Mammary gland,


http://dx.doi.org/10.1007/s10911-013-9293-5
http://dx.doi.org/10.1016/j.reprotox.2013.01.002
http://dx.doi.org/10.1371/journal.pone.0063902
http://dx.doi.org/10.1038/ng0393-241
http://dx.doi.org/10.1038/19539
http://dx.doi.org/10.1038/19531
http://dx.doi.org/10.1242/dev.01347

150.

151.

152.

153.

154.

155.

156.

157.

Technical Research History of Mouse Embryonic Mammogenesis

limb and yolk sac defects in mice lacking
Tbx3, the gene mutated in human ulnar
mammary syndrome. Development
130(10):2263-2273

Jerome-Majewska LA, Jenkins GP, Ernstoff
E, Zindy F, Sherr CJ, Papaioannou VE (2005)
Tbx3, the ulnar-mammary syndrome gene,
and Tbx2 interact in mammary gland devel-
opment through a p19Arf/p53-independent
pathway. Dev  Dyn  234(4):922-933.
doi:10.1002 /dvdy.20575

Parsa S, Ramasamy SK, De Langhe S, Gupte
VV, Haigh JJ, Medina D, Bellusci S (2008)
Terminal end bud maintenance in mammary
gland is dependent upon FGFR2b signaling.
Dev Biol 317(1):121-131, doi:S0012-
1606(08)00110-3 [pii] 10.1016/j.
ydbio.2008.02.014

Asselin-Labat ML, Sutherland KD, Barker H,
Thomas R, Shackleton M, Forrest NC,
Hartley L, Robb L, Grosveld FG, van der
Wees J, Lindeman GJ, Visvader JE (2007)
Gata-3 is an essential regulator of mammary-
gland morphogenesis and luminal-cell differ-
entiation. Nat Cell Biol 9(2):201-209.
doi:10.1038 /ncb1530, ncb1530 [pii ]

Hatsell SJ, Cowin P (2006) Gli3-mediated
repression of Hedgehog targets is required for
normal mammary development. Development
133(18):3661-3670, doi:dev.02542 [pii]
10.1242 /dev.02542

Chandramouli A, Hatsell SJ, Pinderhughes A,
Koetz L, Cowin P (2013) Gli activity is criti-
cal at multiple stages of embryonic mammary
and nipple development. PLoS One 8(11),
¢79845. doi:10.1371 /journal.pone.0079845

Ahn Y, Sims C, Logue JM, Weatherbee SD,
Krumlauf R (2013) Lrp4 and Wise interplay
controls the formation and patterning of
mammary and other skin appendage plac-
odes by modulating Wnt signaling.
Development 140(3):583-593.
doi:10.1242 /dev.085118

Boras-Granic K, Chang H, Grosschedl R,
Hamel PA (2006) Lefl is required for the
transition of Wnt signaling from mesenchy-
mal to epithelial cells in the mouse embryonic
mammary gland. Dev Biol 295(1):219-231.
doi:10.1016/j.ydbio.2006.03.030, S0012-
1606(06)00232-6 [pii]

Gu B, Sun P, Yuan Y, Moraes RC, Li A, Teng
A, Agrawal A, Rheaume C, Bilanchone V,
Veltmaat JM, Takemaru K, Millar S, Lee EY,
Lewis MT, Li B, Dai X (2009) Pygo2 expands
mammary progenitor cells by facilitating his-
tone H3 K4 methylation. J Cell Biol
185(5):811-826. doi:10.1083/
jcb.200810133, jcb.200810133 [pii]

158.

159.

160.

161.

162.

163.

164.

165.

166.

73

Garcia-Gasca A, Spyropoulos DD (2000)
Differential mammary morphogenesis along
the anteroposterior axis in Hoxc6 gene tar-
geted mice. Dev Dyn 219(2):261-276.
doi:10.1002,/1097-0177(2000)9999:
9999<::AID-DVDY1048>3.0.CO;2-3
10.1002,/1097-0177(2000)9999:
9999<::AID-DVDY1048>3.0.CO;2-3 [pii]

Panchal H, Wansbury O, Parry S, Ashworth
A, Howard B (2007) Neuregulin3 alters cell
fate in the epidermis and mammary gland.
BMC Dev Biol 7:105, doi:1471-213X-7-105
[pii] 10.1186,/1471-213X-7-105

Nirhi K, Tummers M, Ahtiainen L, Itoh N,
Thesleft I, Mikkola ML (2012) Sostdcl
defines the size and number of skin append-
age placodes. Dev Biol 364(2):149-161

Lindvall C, Evans NC, Zylstra CR, Li Y,
Alexander CM, Williams BO (2006) The Wnt
signaling receptor Lrp5 is required for mam-
mary ductal stem cell activity and Wntl-
induced tumorigenesis. ] Biol Chem
281(46):35081-35087, doi:M607571200
[pii] 10.1074/jbc.M607571200

Lindvall C, Zylstra CR, Evans N, West RA,
Dykema K, Furge KA, Williams BO (2009)
The Wnt co-receptor Lrp6 is required for
normal mouse mammary gland development.
PLoS One 4(6), ¢5813. doi:10.1371 /jour-
nal.pone.0005813

Heckman BM, Chakravarty G, Vargo-Gogola T,
Gonzales-Rimbau M, Hadsell DL, Lee AV,
Settleman J, Rosen JM (2007) Crosstalk between
the p190-B RhoGAP and IGF signaling path-
ways is required for embryonic mammary bud
development. Dev  Biol 309(1):137-149.
doi:10.1016/j.ydbio.2007.07.002, S0012-
1606(07)01163-3 [pii]

Hens JR, Dann P, Zhang JP, Harris S,
Robinson GW, Wysolmerski J (2007) BMP4
and PTHrP interact to stimulate ductal out-
growth during embryonic mammary develop-
ment and to inhibit hair follicle induction.
Development 134(6):1221-1230.
doi:10.1242 /dev.000182, dev.000182 [pii]

Boras-Granic K, Dann P, Vanhouten ],
Karaplis A, Wysolmerski J (2014) Deletion
of the nuclear localization sequences and
C-terminus of PTHrP impairs embryonic
mammary development but also inhibits
PTHrP production. PLoS One 9(5),
€90418. doi:10.1371 /journal.pone.
0090418

Hiremath M, Dann P, Fischer J, Butterworth
D, Boras-Granic K, Hens J, Van Houten ],
Shi W, Wysolmerski J (2012) Parathyroid
hormone-related protein activates Wnt sig-
naling to specify the embryonic mammary


http://dx.doi.org/10.1002/dvdy.20575
http://dx.doi.org/10.1038/ncb1530
http://dx.doi.org/10.1371/journal.pone.0079845
http://dx.doi.org/10.1242/dev.085118
http://dx.doi.org/10.1016/j.ydbio.2006.03.030
http://dx.doi.org/10.1083/jcb.200810133
http://dx.doi.org/10.1083/jcb.200810133
http://dx.doi.org/10.1002/1097-0177(2000)9999:9999<::AID-DVDY1048>3.0.CO;2-3 10.1002/1097-0177(2000)9999:9999<::AID-DVDY1048>3.0.CO;2-3
http://dx.doi.org/10.1002/1097-0177(2000)9999:9999<::AID-DVDY1048>3.0.CO;2-3 10.1002/1097-0177(2000)9999:9999<::AID-DVDY1048>3.0.CO;2-3
http://dx.doi.org/10.1002/1097-0177(2000)9999:9999<::AID-DVDY1048>3.0.CO;2-3 10.1002/1097-0177(2000)9999:9999<::AID-DVDY1048>3.0.CO;2-3
http://dx.doi.org/10.1002/1097-0177(2000)9999:9999<::AID-DVDY1048>3.0.CO;2-3 10.1002/1097-0177(2000)9999:9999<::AID-DVDY1048>3.0.CO;2-3
http://dx.doi.org/10.1371/journal.pone.0005813
http://dx.doi.org/10.1371/journal.pone.0005813
http://dx.doi.org/10.1016/j.ydbio.2007.07.002
http://dx.doi.org/10.1242/dev.000182
http://dx.doi.org/10.1371/journal.pone.0090418
http://dx.doi.org/10.1371/journal.pone.0090418

74

167.

168.

169.

170.

171.

172.

173.

174.

Jacqueline M. Veltmaat

mesenchyme. Development 139(22):4239-
4249. doi:10.1242 /dev.080671

Liu Y, Rutlin M, Huang S, Barrick CA, Wang
F, Jones KR, Tessarollo L, Ginty DD (2012)
Sexually dimorphic BDNF signaling directs
sensory innervation of the mammary gland.
Science 338(6112):1357-1360.
doi:10.1126/science.1228258

Satokata I, Ma L, Ohshima H, Bei M, Woo 1,
Nishizawa K, Maeda T, Takano Y, Uchiyama
M, Heaney S, Peters H, Tang Z, Maxson R,
Maas R (2000) Msx2 deficiency in mice
causes pleiotropic defects in bone growth and
ectodermal organ formation. Nat Genet
24(4):391-395. doi:10.1038 /74231

Abdalkhani A, Sellers R, Gent J, Wulitich H,
Childress S, Stein B, Boissy RE, Wysolmerski
JJ, Foley J (2002) Nipple connective tissue
and its development: insights from the K14-
PTHrP mouse. Mech Dev 115(1-2):63-77,
doi:S0925477302000928 [pii]

Dunbar ME, Dann P, Brown CW, Van
Houton J, Dreyer B, Philbrick WP,
Wysolmerski JJ (2001) Temporally regulated
overexpression of parathyroid hormone-
related protein in the mammary gland reveals
distinct fetal and pubertal phenotypes.
JEndocrinol 171(3):403-416,doi:JOE04411
[pii]

Gritli-Linde A, Hallberg K, Harfe BD, Reyahi
A, Kannius-Janson M, Nilsson J, Cobourne
MT, Sharpe PT, McMahon AP, Linde A
(2007) Abnormal hair development and
apparent follicular transformation to mam-
mary gland in the absence of hedgehog sig-
naling. Dev Cell 12(1):99-112,
doi:S1534-5807(06)00569-7 [pii]
10.1016/j.devcel.2006.12.006

Lewis MT, Ross S, Strickland PA, Sugnet CW,
Jimenez E, Hui C, Daniel CW (2001) The
Gli2 transcription factor is required for nor-
mal mouse mammary gland development.
Dev Biol 238(1):133-144. doi:10.1006/
dbio.2001.0410

Lewis MT, Ross S, Strickland PA, Sugnet CW,
Jimenez E, Scott MP, Daniel CW (1999)
Defects in mouse mammary gland develop-
ment caused by conditional haploinsufficiency
of Patched-1. Development
126(22):5181-5193

Phippard DJ, Weber-Hall SJ, Sharpe PT,
Naylor MS, Jayatalake H, Maas R, Woo 1,
Roberts-Clark D, Francis-West PH, Liu YH,
Maxson R, Hill RE, Dale TC (1996)
Regulation of Msx-1, Msx-2, Bmp-2 and
Bmp-4 during foetal and postnatal mammary
gland development. Development 122(9):
2729-2737

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Pispa J, Pummila M, Barker PA, Thesleff I,
Mikkola ML (2008) Edar and Troy signalling
pathways act redundantly to regulate initia-
tion of hair follicle development. Hum Mol
Genet 17(21):3380-3391. doi:10.1093/
hmg,/ddn232

Wiesen JF, Young P, Werb Z, Cunha GR
(1999) Signaling through the stromal epider-
mal growth factor receptor is necessary for
mammary ductal development. Development
126(2):335-344

Klinowska TC, Alexander CM, Georges-
Labouesse E, Van der Neut R, Kreidberg JA,
Jones CJ, Sonnenberg A, Streuli CH (2001)
Epithelial development and difterentiation in the
mammary gland is not dependent on alpha 3 or
alpha 6 integrin subunits. Dev Biol 233(2):449-
467. doi:10.1006,/dbio.2001.0204

Kurpios NA, MacNeil L, Shepherd TG,
Gludish DW, Giacomelli AO, Hassell JA
(2009) The Pea3 Ets transcription factor reg-
ulates differentiation of multipotent progeni-
tor cells during mammary gland development.
Dev Biol 325(1):106-121. doi:10.1016/j.
ydbio.2008.09.033

DasGupta R, Fuchs E (1999) Multiple roles
for activated LEF/TCEF transcription com-
plexes during hair follicle development and
differentiation.  Development ~ 126(20):
45574568

Kogata N, Oliemuller E, Wansbury O, Howard
BA (2014) Neuregulin-3 regulates epithelial
progenitor cell positioning and specifies mam-
mary phenotype. Stem Cells Dev23(22):2758-
2770. doi:10.1089 /scd.2014.0082

Cheon SS, Cheah AY, Turley S, Nadesan P,
Poon R, Clevers H, Alman BA (2002) beta-
Catenin stabilization dysregulates mesenchy-
mal cell proliferation, motility, and invasiveness
and causes aggressive fibromatosis and hyper-
plastic cutaneous wounds. Proc Natl Acad Sci
U S A 99(10):6973-6978. doi:10.1073/
pnas.102657399

Maretto S, Cordenonsi M, Dupont S,
Braghetta P, Broccoli V, Hassan AB, Volpin
D, Bressan GM, Piccolo S (2003) Mapping
Wnt/beta-catenin signaling during mouse
development and in colorectal tumors. Proc
Natl Acad Sci U S A 100(6):3299-3304.
doi:10.1073 /pnas.0434590100

van Amerongen R, Bowman AN, Nusse R
(2012) Developmental stage and time dictate
the fate of Wnt/beta-catenin-responsive stem
cells in the mammary gland. Cell Stem Cell
11(3):387-400. doi:10.1016/j.
stem.2012.05.023

Ferrer-Vaquer A, Piliszek A, Tian G, Aho R]J,
Dufort D, Hadjantonakis AK (2010) A sensi-


http://dx.doi.org/10.1242/dev.080671
http://dx.doi.org/10.1126/science.1228258
http://dx.doi.org/10.1038/74231
http://dx.doi.org/10.1006/dbio.2001.0410
http://dx.doi.org/10.1006/dbio.2001.0410
http://dx.doi.org/10.1093/hmg/ddn232
http://dx.doi.org/10.1093/hmg/ddn232
http://dx.doi.org/10.1006/dbio.2001.0204
http://dx.doi.org/10.1016/j.ydbio.2008.09.033
http://dx.doi.org/10.1016/j.ydbio.2008.09.033
http://dx.doi.org/10.1089/scd.2014.0082
http://dx.doi.org/10.1073/pnas.102657399
http://dx.doi.org/10.1073/pnas.102657399
http://dx.doi.org/10.1073/pnas.0434590100
http://dx.doi.org/10.1016/j.stem.2012.05.023
http://dx.doi.org/10.1016/j.stem.2012.05.023

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Technical Research History of Mouse Embryonic Mammogenesis

tive and bright single-cell resolution live
imaging reporter of Wnt/ss-catenin signaling
in the mouse. BMC Dev Biol 10:121.
doi:10.1186,/1471-213X-10-121

Bianchi N, Depianto D, McGowan K, Gu C,
Coulombe PA (2005) Exploiting the keratin
17 gene promoter to visualize live cells in epi-
thelial appendages of mice. Mol Cell Biol
25(16):7249-7259. doi:10.1128/
mcb.25.16.7249-7259.2005

Rohrschneider LR, Custodio JM, Anderson
TA, Miller CP, Gu H (2005) The intron 5,/6
promoter region of the shipl gene regulates
expression in stem/progenitor cells of the
mouse embryo. Dev Biol 283(2):503-521.
doi:10.1016/j.ydbio.2005.04.032

Zhang J, Tan X, Contag CH, Lu Y, Guo D,
Harris SE, Feng JQ (2002) Dissection of pro-
moter control modules that direct Bmp4
expression in the epithelium-derived compo-
nents of hair follicles. Biochem Biophys Res
Commun 293(5):1412-1419. doi:10.1016/
$0006-291x(02)00416-3

Li L, Rutlin M, Abraira VE, Cassidy C, Kus L,
Gong S, Jankowski MP, Luo W, Heintz N,
Koerber HR, Woodbury CJ, Ginty DD
(2011) The functional organization of cuta-
neous low-threshold mechanosensory neu-
rons. Cell 147(7):1615-1627.d0i:10.1016/j.
cell.2011.11.027

Lee MY, Sun L, Veltmaat JM (2013)
Hedgehog and Gli signaling in embryonic
mammary gland development. ] Mammary
Gland Biol Neoplasia 18(2):133-138.
doi:10.1007/s10911-013-9291-7

Kogata N, Zvelebil M, Howard BA (2013)
Neuregulin 3 and erbb signalling net-
works in embryonic mammary gland
development. ] Mammary Gland Biol
Neoplasia 18(2):149-154. doi:10.1007/
s10911-013-9286-4

Boras-Granic K, Hamel PA (2013) Wnt-
signalling in the embryonic mammary gland.
J Mammary Gland Biol Neoplasia 18(2):155—
163. doi:10.1007 /s10911-013-9280-x

Cunha GR, Hom YK (1996) Role of
mesenchymal-epithelial interactions in mam-
mary gland development. ] Mammary Gland
Biol Neoplasia 1(1):21-35

Wansbury O, Panchal H, James M, Parry S,
Ashworth A, Howard B (2008) Dynamic
expression of Erbb pathway members during
early mammary gland morphogenesis. J Invest
Dermatol 128(4):1009-1021. doi:10.1038/
5j.jid.5701118

Dillon C, Spencer-Dene B, Dickson C (2004)
A crucial role for fibroblast growth factor

195.

196.

197.

198.

199.

200.

201.

202.

75

signaling in embryonic mammary gland
development. ] Mammary Gland Biol Neo-
plasia 9(2):207-215. doi:10.1023 /B:JOMG.
0000037163.56461.1¢

Cho KW, Kwon HJ, Shin JO, Lee JM, Cho
SW, Tickle C, Jung HS (2012) Retinoic acid
signaling and the initiation of mammary gland
development. Dev Biol 365(1):259-266.
doi:10.1016/j.ydbio.2012.02.020

Lewis MT, Veltmaat JM (2004) Next
stop, the twilight zone: hedgehog network regu-
laion of mammary gland development.
J Mammary Gland Biol Neoplasia9(2):165-181,
doi:10.1023,/B:JOMG.0000037160.24731.35.
490064 [pii]

Al Alam D, Green M, Tabatabai Irani R, Parsa
S, Danopoulos S, Sala FG, Branch ], El Agha
E, Tiozzo C, Voswinckel R, Jesudason EC,
Warburton D, Bellusci S (2011) Contrasting
expression of canonical Wnt signaling report-
ers TOPGAL, BATGAL and Axin2(LacZ)
during murine lung development and repair.
PLoS One 6(8), €23139. doi:10.1371 /jour-
nal.pone.0023139

Lustig B, Jerchow B, Sachs M, Weiler S,
Pietsch T, Karsten U, van de Wetering M,
Clevers H, Schlag PM, Birchmeier W, Behrens
J (2002) Negative feedback loop of Wnt sig-
naling through upregulation of conductin/
axin2 in colorectal and liver tumors. Mol Cell
Biol 22(4):1184-1193

van de Stolpe A, Karperien M, Lowik CW,
Juppner H, Segre GV, Abou-Samra AB, de
Laat SW, Defize LH (1993) Parathyroid
hormone-related peptide as an endogenous
inducer of parietal endoderm differentiation.
J Cell Biol 120(1):235-243

Kobayashi T, Kronenberg HM, Foley
J (2005) Reduced expression of the PTH/
PTHrP receptor during development of
the mammary gland influences the func-
tion of the nipple during lactation. Dev
Dyn  233(3):794-803. doi:10.1002/
dvdy.20406

Wysolmerski JJ, Broadus AE, Zhou ],
Fuchs E, Milstone LM, Philbrick WM
(1994) Overexpression of parathyroid
hormone-related protein in the skin of
transgenic mice interferes with hair follicle
development. Proc Natl Acad Sci U S A
91(3):1133-1137

Mayer JA, Foley J, De La Cruz D, Chuong
CM, Widelitz R (2008) Conversion of the
nipple to hair-bearing epithelia by lowering
bone morphogenetic protein pathway activity
at the dermal-epidermal interface. Am
J Pathol 173(5):1339-1348. doi:10.2353/
ajpath.2008.070920


http://dx.doi.org/10.1186/1471-213X-10-121
http://dx.doi.org/10.1128/mcb.25.16.7249-7259.2005
http://dx.doi.org/10.1128/mcb.25.16.7249-7259.2005
http://dx.doi.org/10.1016/j.ydbio.2005.04.032
http://dx.doi.org/10.1016/s0006-291x(02)00416-3
http://dx.doi.org/10.1016/s0006-291x(02)00416-3
http://dx.doi.org/10.1016/j.cell.2011.11.027
http://dx.doi.org/10.1016/j.cell.2011.11.027
http://dx.doi.org/10.1007/s10911-013-9291-7
http://dx.doi.org/10.1007/s10911-013-9286-4
http://dx.doi.org/10.1007/s10911-013-9286-4
http://dx.doi.org/10.1007/s10911-013-9280-x
http://dx.doi.org/10.1038/sj.jid.5701118
http://dx.doi.org/10.1038/sj.jid.5701118
http://dx.doi.org/10.1023/B:JOMG.0000037163.56461.1e
http://dx.doi.org/10.1023/B:JOMG.0000037163.56461.1e
http://dx.doi.org/10.1016/j.ydbio.2012.02.020
http://dx.doi.org/10.1371/journal.pone.0023139
http://dx.doi.org/10.1371/journal.pone.0023139
http://dx.doi.org/10.1002/dvdy.20406
http://dx.doi.org/10.1002/dvdy.20406
http://dx.doi.org/10.2353/ajpath.2008.070920
http://dx.doi.org/10.2353/ajpath.2008.070920

76

203.

204.

205.

206.

207.

208.

Jacqueline M. Veltmaat

Gossen M, Bujard H (1992) Tight control of
gene expression in mammalian cells by
tetracycline-responsive promoters. Proc Natl
Acad Sci U S A 89(12):5547-5551

Sahlberg C, Mustonen T, Thesleff I (2002)
Explant cultures of embryonic epithelium.
Analysis of mesenchymal signals. Methods
Mol Biol 188:373-382. doi:10.1385/
1-59259-185-x:373

Zvelebil M, Oliemuller E, Gao Q, Wansbury
O, Mackay A, Kendrick H, Smalley M]J, Reis-
Filho JS, Howard BA (2013) Embryonic
mammary signature subsets are activated in

Brcal -/~ and basal-like breast cancers. Breast
Cancer Res 15(2):R25. doi:10.1186/bcr3403

Lee MJ, Yoon KS, Cho KW, Kim KS, Jung
HS (2013) Expression of miR-206 during the
initiation of mammary gland development.
Cell Tissue Res 353(3):425-433.
doi:10.1007,/5s00441-013-1653-3

Zeng YA, Nusse R (2010) Wnt proteins are
self-renewal factors for mammary stem cells
and promote their long-term expansion in
culture. Cell Stem Cell 6(6):568-577.
doi:10.1016/j.stem.2010.03.020

Shackleton M, Vaillant F, Simpson KJ, Stingl
J, Smyth GK, Asselin-Labat ML, Wu L,

209.

210.

211.

212.

Lindeman GJ, Visvader JE (20006)
Generation of a functional mammary gland
from a single stem cell.  Nature
439(7072):84-88, doimnature04372 [pii]
10.1038 /naturec04372

Stingl J, Eirew P, Ricketson I, Shackleton M,
Vaillant F, Choi D, Li HI, Eaves CJ (20006)
Purification and unique properties of mam-
mary  epithelial stem  cells.  Nature
439(7079):993-997. doi:10.1038/
nature04496, nature04496 [pii|

Stevens JR, Miranda-Carboni GA, Singer
MA, Brugger SM, Lyons KM, Lane TF
(2010) WntlOb deficiency results in age-
dependent loss of bone mass and progressive
reduction of mesenchymal progenitor cells.
J Bone Miner Res 25(10):2138-2147.
doi:10.1002/jbmr.118

Special issue on embryonic mammary gland
development (2013) J Mamm Gland Biol
Neoplasia  18(2):89-252.  doi:10.1007/
s10911-013-9292-6

Howard BA, Lu P (2014) Stromal regulation
of embryonic and postnatal mammary epithe-
lial development and differentiation. Semin
Cell Dev Biol 25-26:43-51. doi:10.1016/j.
semcdb.2014.01.004


http://dx.doi.org/10.1385/1-59259-185-x:373
http://dx.doi.org/10.1385/1-59259-185-x:373
http://dx.doi.org/10.1186/bcr3403
http://dx.doi.org/10.1007/s00441-013-1653-3
http://dx.doi.org/10.1016/j.stem.2010.03.020
http://dx.doi.org/10.1038/nature04496
http://dx.doi.org/10.1038/nature04496
http://dx.doi.org/10.1002/jbmr.118
http://dx.doi.org/10.1007/s10911-013-9292-6
http://dx.doi.org/10.1007/s10911-013-9292-6
http://dx.doi.org/10.1016/j.semcdb.2014.01.004
http://dx.doi.org/10.1016/j.semcdb.2014.01.004

2 Springer
http://www.springer.com/978-1-4939-6473-4

Mammary Gland Development

Methods and Protocols

Martin, F.; Stein, T.; Howlin, ). (Eds.)

2017, X, 358 p. 62 illus., 32 illus. in color., Hardcowver
ISEM: 978-1-4939-6473-4

A product of Humana Press



	Chapter 2: Prenatal Mammary Gland Development in the Mouse: Research Models and Techniques for Its Study from Past to Present
	1 Introduction
	2 Macroscopic and Microscopic Aspects of Prenatal Morphogenesis of the Mammary Gland in Mouse
	2.1 Brief Overview of Macroscopic and Microscopic Aspects of Embryonic Morphogenesis
	2.2 Overinpretation of Static Histological Data as if Tell-Tales of Kinetic Events
	2.3 Scanning Electron Microscopy (SEM)

	3 Combining Microscopy with Cell Labeling Techniques to Explore Whether Cell Migration Contributes to Mammary Placode Formation in the Surface Ectoderm
	3.1 Charcoal Depositions
	3.2 DiI-Injections
	3.3 Labeled Markers of Cell Proliferation Offer Opportunities for Cell Tracing in Early Mammogenesis

	4 Organ Explant Culture and Tissue Recombination Techniques Uncover Continuous Reciprocal Tissue Interactions That Drive the Induction and Morphogenesis of Embryonic Mammary Glands
	4.1 Ex Vivo Explant Cultures
	4.2 Tissue Recombination
	4.3 Applications of the Explant Culture Technique
	4.4 Transplantation or Grafting of Explant Cultures

	5 Techniques to Study the Role of Steroid Hormones in Prenatal Sexual Dimorphism of Mammogenesis
	5.1 Histological Analysis
	5.2 Manipulation of Embryonic Mammary Development In Utero
	5.3 Explant Culture and Organ Coculture
	5.4 Analysis of (Spontaneous) Mutant Mice
	5.5 Radioactive Cell Labeling and Autoradiography
	5.6 Heterogenic wt/Mutant Explant Cultures
	5.7 Androgen Receptor Activation in Females In Utero
	5.8 In Utero Manipulation of Mouse Embryos
	5.9 Gene and Protein Expression Analysis

	6 Models and Methods to study the Molecular Regulation of Embryonic Mammary Development
	6.1 In Situ Detection of Protein (Activity) and RNA Molecules
	6.2 Spontaneous Mutant Mouse Models
	6.3 Genetically Engineered Mouse models

	7 Molecular Regulation of Patterning of the MRs in the Surface Ectoderm
	8 Molecular Regulators of Growth and Survival of the MRs Until E16
	9 Molecular Regulators of Sexual Dimorphism
	10 Molecular Regulators of Nipple Formation
	11 Molecular Regulators of Sprouting and Branching Morphogenesis
	12 Embryonic Mammary Gland and “Omics”
	13 Stem Cell Activity in the Embryonic MR
	14 Experimental Design and Pitfalls in Interpretation of Own and Published Data
	15 Conclusion
	References


