Development 129, 53-60 (2002) 53
Printed in Great Britain © The Company of Biologists Limited 2002
DEV2794

Role of FGF10/FGFR2b signaling during mammary gland development in the

mouse embryo

Arnaud André Mailleux 1.* Bradley Spencer-Dene 2*, Christian Dillon 2, Delphine Ndiaye 1,
Catherine Savona-Baron 1, Nobuyuki Itoh 3, Shigeaki Kato 4, Clive Dickson 2, Jean Paul Thiery 1
and Saverio Bellusci 1.7

1UMR144-CNRS/Institut Curie, 26 rue d’UIm 75248 Paris cedex 05, France

2lmperial Cancer Research Fund, Lincoln’s Inn Fields, London WC2A 3PX, UK

3Kyoto University, Graduate School of Pharmaceutical Sciences, Yoshida-Shimoadachi, Sakyo, Kyoto 606-8501, Japan
4Institute of Molecular and Cellular Biosciences, University of Tokyo, Tokyo 113-0032, Japan

*These authors contributed equally to this work

TAuthor for correspondence (e-mail: saverio.bellusci@curie.fr)

Accepted 5 October 2001

SUMMARY

The mouse develops five pairs of mammary glands that and 5 and a FGF10/FGFR2b-independent pathway for
arise during mid-gestation from five pairs of placodes of placode 4. Our results also suggest that FGF signaling is
ectodermal origin. We have investigated the molecular involved in the maintenance of mammary bud 4, and that
mechanisms of mammary placode development usingefl  Fgfl0 deficient epithelium can undergo branching
as a marker for the epithelial component of the placode, morphogenesis into the mammary fat pad precursor.

and mice deficient forFgf10 or Fgfr2b, both of which falil

to develop normal mammary glands. Mammary placode

induction involves two different signaling pathways, a Key words:Fgf10, Fgfr2b, Lefl, Mammary placode development,
FGF10/FGFR2b-dependent pathway for placodes 1, 2, 3 Mouse, Cell signaling

INTRODUCTION of PTHrP, or its receptor, mammary buds fail to elongate
and branch into the primitive fat pad of female embryos, or
Mammary gland formation in the mouse initiates around E1@ndergo the expected androgen-mediated apoptosis in males
on the surface ectoderm of both lateral flanks of the embry@\ysolmerski et al., 1998; Dunbar et al., 1999).
(Turner and Gomez, 1933). By E11-E12 five mammary The fibroblast growth factor (FGF) family comprises at least
placodes are detected as thickenings of the ectoderm. TB& members, many of which have been implicated in multiple
placodes develop into bud-like structures that are located aspects of vertebrate development [for review see Ornitz and
precise points along the antero-posterior axis of the embryétoh (Ornitz and Itoh, 2001)]. In particular, FGF10 has
The position of the mammary buds, three thoracic and twbeen associated with instructive mesenchymal-epithelial
inguinal, are reproducible between embryos suggesting a tighitteractions, such as those that occur during branching
genetic control of their induction. Previous reports suggest thanorphogenesis. For example, in the developing I16afl0is
mammary placodes form by the migration of ectodermal oexpressed in the distal mesenchyme at sites where prospective
epidermal cells, rather than by cell proliferation, along eepithelial buds will appear. Moreover, its dynamic pattern of
putative line running in an anterior to posterior direction jusexpression and its ability to induce epithelial expansion and
dorsal to the limb buds (Balinsky, 1950; Propper, 1978). budding in organ cultures have led to the hypothesis that
Little is known about the genes that regulate the initiaFGF10 governs the directional outgrowth of lung buds during
phases of mammary placode development. The transcriptidaranching morphogenesis (Bellusci et al., 1997). Furthermore,
factor Lefl, an effector of WNT3-catenin signaling, is the FGF10 was shown to be a potent chemoattractant for the distal
earliest known marker of mammary placode formation. Itdung epithelium (Park et al., 1998; Weaver et al., 2000).
inactivation in vivo leads to embryos with only a single pairConsistent with these observations, mice deficient=t#i.0
of inguinal placodes (van Genderen et al., 1994). Thehow multiple organ defects including lung agenesis (Min et
development of mammary buds, in both female and malal., 1998; Sekine et al., 1999; Ohuchi et al., 2000).
mouse embryos, is dependent upon signaling by parathyroid The mammaliari-gf receptor family comprises four genes
hormone related-protein (PTHrP) through its receptofFgfrl to Fgfr4), which encode at least seven prototype
(PTHR1), which are expressed in the epithelium andeceptorskgfrl, 2and3encode two receptor isoforms (termed
condensed mammary mesenchyme respectively. In the absenidb or llic) that are generated by alternative splicing, and each
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bind a specific repertoire of FGF ligands (Ornitz et al., 1996)Nucleopore filters, which were then laid on the surface of6602:
FGFR2-lllb (FGFR2b) is found mainly in epithelia and bindsDMEM medium containing 50 Units/mg penicillin and streptomycin,
four known ligands (FGF1, FGF3, FGF7 and FGF10) whichH% glutamine and 10% heat-inactivated fetal calf serum in
are primarily expressed in mesenchymal cells. While mice nullUNCLON dishes [technique adapted from Lebeche et al. (Lebeche
for the Fgfr2 gene die early during embryogenesis, those thagblfﬂFeéggs)]i'mvggég‘r’%ﬁ:gsggﬂnthgelggs' (%f{gﬁ:z)o‘;r:;gégatoe% ”\:ﬁfﬁ
are null for theFgfr2b |sc?form, but retalrfgfrZC, survive to human recombinant FGF10 (Research and Developmentu(l60)
birth (Arman et al., 1998; Xu et al., 1998; De Moerlooze et aly, the flanks of the embr :

. L yos in the area of mammary placode
2000; Revest et al., ZOQl). Mice _deﬂment Ff!lf_f2b_ ShQW formation. The embryos were usually incubated for 24 hours at 37°C
agenesis and dysgenesis of multiple organs indicating thghder CQ and then fixed for 2 hours in 4% PFA and processed for
signaling through this receptor is critical for mesenchymalwhole-mount in situ hybridization. BSA-impregnated beads were
epithelial interactions during early organogenesis. used as controls.

Mammary gland development has been studied extensively )

in the post-natal animal, but less is known about the embryon/¢@mmary gland transplantation _
stages. We have investigated the initial phases of mammap¢ mammary gland 4 froigf107~ (n=3) and wild-type fetuses
placode development, and demonstrate using molecul =3) at E18.5 were freshly dissected and transplanted into cleared

- . mmary fat pads of syngenic mice (Medina, 1996). In these
markers and scanning electron microscopy that the pIaCOdgk'a;lJerime);lts, 2p1-24 daysy gld females (were used a)s transplant

form asynchronously. Placode 3 is the first to appear, foIIower(fcipiem& The endogenous mammary epithelium was surgically

by placode 4, then placodes 1 and 5 and finally placode gamoyed from the fourth inguinal glands to provide a cleared
The role of FGF10/FGFR2b signaling in the epithelial/mammary fat pad. Mutant and wild-type mammary glands were
mesenchymal interactions that characterize embryonigansplanted separately into contralateral glands of each recipient
mammary gland development is demonstrated through th@=3)to ensure an identical host environment. After 4 weeks, the mice
analysis of the mammary gland phenotypedgfl07/- and  were sacrificed and the fourth inguinal mammary glands dissected.

Fgfr2b- embryos. The epithelium was stained using Carmin Red as previously described
(Faraldo et al., 1998).
MATERIALS AND METHODS Analysis of cell death
] S Apoptotic cells were detected by the incorporation of terminal
In situ hybridization deoxynucleotidyltransferase-mediated dUTP nick-end labeling

Radioactive and whole-mount in situ hybridization protocols wergTUNEL) using the ApopTagRPIlus In Situ Apoptosis Detection Kit
based on previously described methods (Winnier et al., 1995). TH&®ncor, USA) as recommended by the manufacturer.

following mouse cDNAs were used as templates for the synthesis of

digoxigenin or3%S-labeled riboprobes: a 360 bpfl probe provided

by Dr Grosschedl, &gfr2-TK andlilb probes previously described RESULTS

(De Moerlooze et al., 2000), a 584 bgfl0 cDNA (Bellusci et al.,

1997), a 1.5 kbBmp4probe (Winnier et al., 1995) and a 6227 Lefl is dynamically expressed during mammary
cDNA (kindly provided by Dr Mason). placode formation

Scanning electron microscopy Previous reports have shown thaflis expressed initially in

E11.5 and E12.5 mouse embryos (C57BL/6) were extracted quicklsge epithelium of the mammary placode at E:I_.l—E12 (van
from the uteri, washed 6 times in filtered PBS and fixed in a solutiof€nderen et al., 1994; Foley et al., 2001). A detailed temporal
of sodium cacodylate 0.1 M pH 7.6/glutaraldehyde 2% at roonnalysis using whole-mount in situ hybridization, shows that
temperature for 1 hour and then overnight at 4°C. They were washé®fl is expressed in the emerging placodes in a dynamic
three times in 0.2 M sodium cacodylate for 1 hour at room temperatufashion between E11.5 and E11.75 (Fig. 1). Early E11.5
and transferred in a solution of sodium cacodylate 0.1 M pH7.6/OsCembryos show nd_efl expression between the fore- and
0.1% for 1 hour at room temperature. After a 5 minute wash imindlimbs (Fig. 1A), but at a slightly later stagkeefl

distilled water, the embryos were dehydrated in graded ethanols (708pression appears as a short line (Fig. 1B) which

to 100%) and then in amyl acetate (30% to 100%). They were criticals ; _ ;
point dried in liquid carbon dioxyde, mounted on aluminum stubs an rogressively changes through a comet-shape (Fig. 1C) to a

. isc (Fig. 1D). To gain more insight into the surface features
coated with gold. X -
of the mammary placodes, the embryos were visualized by
Mutant embryos scanning electron microscopy (SEM). At E11.5, placode 3 can
Fgf107- and Fgfr2b-- embryos were generated as previously P€ seen as a knob-like structure elevated above the surrounding
described (Sekine et al., 1999; De Moerlooze et al., 2000) and weepidermis (Fig. 1E,F).
on the C57BL/6 background. C57BL/6 or wild-type littermates mice
were used as control embryos at different stages of development. TRéacode formation is asynchronous
number ofFgf10’~embryos used in this study at the different StaQESUsing the shape dynamics bé&fl expression in the forming
were as follows: E11.5¢5), B12.54=2), E13.5 (=2), E14.5(=3  placode, together with SEM, the timing of mammary placode
Lesrggkier?)t’hig1§ﬂ5dr(:\?v;reem:éefsczl.lo-\l/—vhse' é‘iﬂg% (E%fzrzs%:lerl‘;bgfg formation was determined. Placode 3 is the first to form as
(n=6), E14.5 =1 %/emale), E15.5'(=2'fema.les),’E16.§1(:2 fem’ales). shown in Fig. 1 this is followed by placode 4, then placodes
1 and 5 and finally placode 2 (Fig. 2A-C). Analysis by SEM
Organotypic culture of the E12.5 embryo shows that at this stage of development,
Embryos were removed at E10.5 and E11.5. At E11.5, the heads wdfée¢ mammary buds are localized on the flank of the embryo
surgically removed and the remaining body of the embryos cut intthat showed distinctive features. At E12.5, the first mammary
halves along the dorsal-ventral axis. Embryos were placed obud to appear (number 3) was far less elevated above the



epidermis than the newly formed mammary bud 2 (Fig. 1E,Bhown).
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Fig. 1. Leflexpression in the mammary placode 3 between E11.5
and E11.75. Whole-mount in situ hybridization on embryos between
E11.5 and E11.75 with dig-labeled antisense riboprobedfir

(A) Leflis not expressed at significant level at E11.5 between the
forelimb and hindlimb. (B) First evidence béflexpression in the
forming mammary placode (P3) occurs as a discrete line (between
the 2 black arrows). (C and D) At E11.1®f1is now expressed as a
comet-like shape with the tail of the comet being localized caudally
(between the 2 arrows) and then as a round like structure (P3).

(E) Scanning electron microscopy of E11.5 embryo showing placode
3 as a knob of cells slightly elevated above the surface of the
epidermis. (F) High magnification of placode 3. P: mammary
placode. Scale bar, A-D, 7§&n; E, 980um; F, 390um.

high level ofFgfr2 in the epithelium of the mammary bud (Fig.
3A,B). Confirmation thaEgfr2b was the isoform present was
shown with Illb- and lllc-specific probes (data not shown).
Using whole-mount in situ hybridization, a transient
expression oFgfl0was seen between E10.5 and E11 as a fine
segmented line extending between the fore- and hindlimb (Fig.
3C,D). This domain of expression corresponds to the territory
of the mammary line that is seen as a ridge in other mammals.
Vibratome sections at E10.5 showed that this expression
corresponds to the most ventral epithelial part of the
dermamyotome (Fig. 3E,F). At E11.5, when mammary bud 3
has formed, no significant signal was detected (data not
This was confirmed by radioactive in situ

and Fig. 2D-F). It appears that when the mammary buds firstybridization at E11.5 (Fig. 3G). However, by E15.6gi10
form they are elevated above the forming epidermis beforsignal was observed in the mammary fat pad precursor

subsiding.

Fgfr2 and Fgf10 expression in the embryonic
mammary gland

The phenotypic similarities betwedtgf10 and Fgfr2b null
mice indicate that FGF10 is the major ligr =~

for FGFR2b. Hybridization of E11.5 a
E15.5 embryo sections with a probe -
recognizesFgfr2b and Fgfr2c revealed

Fig. 2.Mammary placode development is
asynchronous. Whole-mount in situ hybridization
on embryos at E11.75 with dig-labeled antisense
riboprobe forLefl (A) Lateral view of the

embryo showing that placode 3 and placode 4
have formed and are seen as dot-like structures.
(B) High magnification of the hindlimb area
showing placode 4 as a dot- like structure and
placode 5 as a line. (C) High magnification of the
forelimb area showing placode 3 as a dot-like

localized around the mammary bud (Fig. 3H). At E12.5,
sections through mammary placodes were analyzed with
radioactive antisense probes to the known ligands of FGFR2b,
namelyFgfl, Fgf3, Fgf7 andFgf10. Expression ofFgfl, Fgf3

or Fgfl0 was not detected at this developmental stage.

structure, placode 1 as a line and placode 2 as a
diffuse line. (D-F) Scanning electron microscopy
of the flank of a E12.5 wild-type embryo showing
5 mammary buds localized at precise points along:
the anteroposterior axis (3 thoracic and 2 :
inguinal). (E) High magnification of the box
shown in D. Note that mammary bud 2, the last
one to form, is the bud that is the most elevated
above the surface of the epidermis. (F) High
magpnification of the mammary bud 2 showing
individual cells at the surface of the knob-like
structure. B1-5, mammary buds; P1-5, mammary §
placodes. Scale bar, A, 95f; B, 630um; C,
470um; D, 440um; E, 180um; F, 30pm.

o Yt

‘Mammary bud 2
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Fig. 3. Fgfr2, Fgf7 andFgfl0expression in the mammary buds
between E10.5 and E15.5. Section and whole-mount in situ
hybridization using®S-labeled and dig-labeled antisense riboprobes
for Fgfr2, Fgf7 andFgfl0. (A) Fgfr2 expression at E11.5 showing a
high expression in the epidermis and in the epithelium of the
mammary bud (arrowhead). (Byfr2 expression at E15.5 showing a
high expression in the basal layer of the epidermis and in the
epithelium of the mammary bud. (Eyf1l0expression at E10.5. Note
the expression dfgf10between the fore- and hindlimb (between the
two black arrows) corresponding to the area were the mammary line
is forming.Fgf10is also detected in the progress zone of the limbs.
(D) High magnification of C showinggflOexpression as a dotted
line (between the 2 arrows). Double headed arrow indicates the
position of section in E. (E) Vibratome cross sectiony#0 between
the fore- and hindlimb of the embryo shown in (€)f10is detected

in the most ventral part of the somites. (F) High magnification of the
boxed area in E showirfggfl0expression in the epithelial part of the
dermamyotome. (G) No expressionFgff10is detected in the
mammary bud at E11.5. (HfgflOexpression at E15.5. Note the
expression in the mammary fat pad precursor surrounding the
mammary bud and in the mesenchyme of the hair follicleBg(l)
expression at E12.5. Note the high expression in the mesenchyme
surrounding the epithelial bud. @BYf7 expression at E15.5. Note the
expression in the fat pad precursor. dm, dermamyotome; e,
epithelium; fl, forelimb; fp, fat pad precursor; hf, hair follicles; hl,
hindlimb; int, intestine; m, mesenchyme; my, myotome; nt, neural
tube; mm, mammary mesenchyme; so, somites. Scale bar, A, 8
C, 430um; D, 210um; E, 130um; F, 32um; G-J, 10Qum.

probe Bmp4is expressed in the condensed mesenchyme)
(Phippard et al.,, 1996) and by sectioning and histological
analysis (data not shown). Although the absence of limbs in
theFgfr2lb’-embryo makes it difficult to discriminate between
the two inguinal buds, its relative position suggested it was
number 4. We will therefore refer to this bud in mutant mice
as bud 4. At E13|efl expression was no longer detected in
the inguinal region indicating the disappearance of bud 4
(compare Fig. 4G and 4E). A TUNEL assay was used to detect
apoptotic cells, and this showed that the epithelium of the
mutant mammary bud at E12.5 undergoes extensive apoptosis
(Fig. 41,J). The absence of bud 4 at E13 and E14.5 was also
confirmed by histological analysis of serial sections (data not
shown). In addition, an examination of embryonic skin from
wild-type (h=2) and Fgfr2b null (n=2) female embryos at
However, Fgf7 was detected in the mesenchyme surrounding16.5 failed to detect mammary bud development in the
the mammary bud at E12.5, but by E15.5 its expression hadutants, while five pairs were clearly seen in the wild-type
decreased and extended into the adjacent fat pad precurs&ins (data not shown). In conclusion, placode 4 is the only

(Fig. 31,J). placode to form in th&gfr2b'- embryos. A bud arising from

) this placode forms transiently at E11.5 and is then lost within
Fgfr2b~'- embryos transiently develop mammary a day through apoptosis. Hence, signaling through FGFR2b by
bud 4 one or more of its ligands is necessary to maintain mammary

Using whole-mount in situ hybridization with.aflprobe, the bud 4 after E12.5 and to induce the other mammary placodes.
appearance of mammary placodes was monitor&gfir2/-

embryos taken between E11.5 and E14.5. At E11.5 Klammary placode 4, but not placodes 1, 2, 3 and 5,
characteristic placode 3 was clearly detected in wild-type df induced and maintained in  Fgf10~'~ embryos
heterozygous embryos from the same litter, but not in thEGFR2b is the main receptor for FGF10 as evidenced by the
homozygous mutants (data not shpviline absence of placode remarkable similarity of phenotypes exhibited by embryos
3 was also confirmed by histological analysis of serial sectionsvhere these genes have been inactivated (De Moerlooze et al.,
At E12.5, five pairs of mammary buds were clearly observe@d000; Ohuchi et al., 2000). To examine the effecFgfl0

in the control embryos using thefl probe as a marker (Fig. abrogation on mammary placode induction and maintenance,
4A). By contrast, only a single bud was located in the inguinalve used whole-mount in situ hybridization witbflandBmp4
region of the homozygous mutant (Fig. 4C). Mammary bugrobes onFgf107- embryos. At E11.5 and E12.5 a single
identity was confirmed at the molecular level usinBrap4  inguinal bud was detected in a similar position to that seen in
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Fig. 4.Mammary buds 1, 2, 3and 5 a L i
not detected in thEgfr2lo/-embryos. - Foh2b + WTIG Fg _fr2b 4

Whole-mount in situ hybridization on
Fgfr2b--and wild-type embryos at
E12.5 and E13 with dig-labeled
antisense riboprobe fauefl (A-H) and
cell death analysis (1,J). B, D, F, H ar
high magnification views of the boxec
areas in A, C, E and G, respectively.
(A) Leflexpression at E12.5 in wild-
type embryo showing expression in tt
epithelium of the mammary bud. Note
that only three mammary buds, locate
between the forelimb and hindlimbs, .
visible. Mammary buds 1 and 5 are
located behind the limbs. (B) Mamme
bud 4. (C)Leflexpression at E12.5 in
Fgfr2b-embryo showing that only one mammary bud is detected.gB)expression at E13 in wild-type embryo showing expression in the
epithelium of the mammary bud. (F) Mammary bud 4.l(€f}l expression in thEgfr2b/—embryo is no longer detected in the area
corresponding to the mammary bud 4 (dotted box). (I) Section of normal mammary bud at E12.5 showing a complete absestaieficells
by the TUNEL method. (Fgfr2b-~mammary bud at E12.5 showing a high number of individual apoptotic cells labeled in the epithelium.
Scale bar, A, 875m; B, 160um; C, 875um; D, 160um; E, 1220um; F, 235um; G, 1220um; H, 235um; I, J, 10um.

—_—

the Fgfr2b- embryos, and we therefore refer to it as bud 4rom E18.5Fgf107~female embryosn=9) were dissected and
(Fig. 5 and data not shown fBmp4. Sectioning of the E12.5 examined for the extent of ductal branching after staining. Fig.
mutant embryos confirmed the absence of bud 1, 2, 3 and 5 ®,H shows that in theégf107~mammary gland, the epithelial
the presence of bud 4 (Fig. 5H-J). At E13.5, the identificatiobud penetrated the mammary fat pad9). In 5 cases it was
of mammary buds by whole-mount in situ hybridization usingnot branched and in 4 it only formed two short branches at the
a Leflprobe was more difficult, as this gene is also expresseektremity of the main duct. This result is in contrast to wild-
in the developing hair follicles (Fig. 6A,C). However, closetype mammary glands that showed secondary and tertiary
examination allowed discrimination of the mammary buds abranches (Fig. 6E,F). During the dissection we noticed that the
large and round structures from the hair follicles. The presenaghite adipose tissue forming the fat pad was very thin in the
of a typical mammary bud at this stage was also confirmed ygf107/-embryos compared to the wild type (data not shown),
sectioning (data not shown). Therefore we can conclude thatiggesting that the absence of branching in the mutant
one pair of inguinal mammary placodes is induced in thepithelium may be due to an abnormal recipient fat pad. The
Fgf107/~ mutants, but unlike theFgfr2b null mice, the competence ofFgfl0-deficient epithelium to undergo ductal
corresponding bud is maintained at E13.5. branching was tested by transplantation of mammary bud 4
Fgfl0expression in the mammary fat pad precursor at E15.8to a normal fat pad. The dissected glands (epithelium +
suggested that it might direct the growth of the mammarynesenchyme) were grafted into cleared mammary fat pads of
epithelium toward the fat pad. As bud 4 is maintained in theseildtype syngenic C57BI/6 females. Four weeks post-grafting
mice we tested this idea. Skins containing mammary gland the wild-type epitheliumn=2) was fully competent to invade

Fig. 5.Mammary buds 1, 2, 3and 5 a v
not detected in thEgf107/~embryos. o WTIH Foro «

Whole-mount in situ hybridization on
Fgf107-and wild-type embryos at
E11.5 and E12.5 with dig-labeled
antisense riboprobe faefl B, D, F
and | are high magnification views of
the boxed areas in A, C, Eand H
respectively. (ALeflis expressed in
the mammary placodes at E11.5. Nof
that only mammary placodes 3 and 4
are clearly visible. (B) Mammary
placode 4. (C)eflexpression is not
detected in mammary placodes 1, 2,
and 5. Notd_eflexpression as a line il
the area corresponding to mammary
placode 4 (dotted box). (Eefl
expression at E12.5 in wild-type embryo showing expression in the epithelium of the mammary bud. Note that only mamma&rahdds 2,
are visible. (F) Mammary bud 4. (G) Hematoxylin-eosin staining of mammary bud Be{tgxpression in thEgf107-embryo shows that
only mammary bud 4 is detected (dotted box). (J) Hematoxylin and Eosin staining of mutant mammary bud 4 showing a nom@.aSshlect
bar, A, 670um; B, 100um; C, 670um; D, 100um; E, 1050um; F, 150um; G, 14um; H, 1050um; I, 150um; J, 14um.
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Fig. 7.FGF10-coated beads fail to induce Lefl expression in the
epithelium. Organotypic culture after FGF10-coated bead grafting
was carried out for 24 hours and followed by whole-mount in situ
hybridization to detedtefl expression. (A) Two FGF10-coated

beads (asterisks) were grafted on the flank of E11.5 embryos. One
bead was grafted close to the mammary line and the other one was
grafted more dorsally. (B) High magnification of the boxed area in A
showing endogenouseflexpression in the mammary placode 2 and
3 but noLeflinduction in the ectoderm surrounding the bead. fl,
forelimb; hl, hindlimb. Scale bar, A, 830m; B, 170um.

and branch into a wild-type stroma (Fig. 61,J), as was the

Fig. 6. Mammary bud 4 fronfFgf107/~ mutant female embryos is epithelium (=1) from FgflO"_‘ (Fig. 6K,L). Epithelium from
maintained and competent to ramify in wild-type stroma. Whole- both wildtype and mutant mice grew radially from the implant
mount in situ hybridization oRgf107~and wild-type embryos at and showed prominent terminal end buds.

E13.5 with dig-labeled antisense riboprobelfefl and

transplantation of wild-type and mutant mammary glands in cleareBGF10 fails to induce Lefl expression in the

fat pads. B and D are higher magpnification views of the boxed areaspithelium

in A and C, respectively. _(ADeflexpression is dete_cted in the hair The similarity in mamma lacode phenotvpe between
follicles (small dots) and in the mammary buds (dilated dots) in Fgf10--and L)(/afl-/- embryosr)r/aiged the in?erestitri/gp possibility
wild-type embryos at E13.5. (B) Note that the mammary bud 4 that FGF10 induced.efl expression. To test this idea
(black a_rrowhead) is bigger than the hair follicles. I(_@])l _ EGE10 ted bead pﬂ d t the flank of E10.5 ' d
expression oirgf107-embryo. (D) Mammary bud 4 is still present -coated beads were grafted onto the Tlank o o an
at E13.5. (E) Transillumination picture of dissected skin - El1S embryos. After 30 hours of culture the FGF10-coated
corresponding to wild-type female embryo at E18.5. Note that five beads failed to inducéefl expression in the surrounding
pairs of nipples are clearly visible. (F) Carmin Red staining of ectoderm of E10.5 or E11.5 embryos (Fig. 7A,B). Importantly,
normal mammary gland 4 showing a ramified structure with endogenousLefl expression corresponding to the normal
numerous end buds (white arrowheads). (G) Transillumination ~ mammary buds was detected, indicating that endogenous
picture of dissected skin corresponding-gf10”~female embryos  placode formation occurred normally (Fig. 7B). Note that the
at E18.5. Note that only one pair of nipples is visible. (H) Carmin - ssitions of the beads were dorsal, ventral and coincident with
Red staining of mutant mammary gland 4 showing a single the putative mammary line. The positive control used in this

elongated sprout (white arrowhead). (I) Carmin Red staining of - - .
cleared fat pads transplanted with wild-type mammary gland 4 andEXPeriment was the induction _SeroutyZn the lung endoderm
y d it y 9 (ﬁy FGF10-coated beads (Mailleux et al., 2001).

cultured for 4 weeks. The epithelium of wild-type mammary gland
4 (black arrow) has extensively ramified into the cleared fat pad in

both directions. (J) High magnification of the transplanted

mammary gland (asterisk) showing a nicely ramified epithelium DISCUSSION

emerging from it. (K) The epithelium of mutant mammary gland 4

(black arrow) has also ramified into the cleared fat pad in both  Lefl expression in the mammary placode is
directions. Note the presence of numerous end buds (small black dynamic and correlates with cell migration

arrows). (L) High magnification of the transplanted mammary 1, 6,se and rabbit embryos, proliferation index studies on

gland (asterisk) showing a ramified epithelium emerging from it . .
and hairs (dark stripes) at the graft side. B4, mammary bud 4; fp, epidermis and mammary buds have suggested that placode

fat pad; G1-5, mammary glands; In, lymph node. Scale bar, A, gogformation primarily involves cell migration, since cells within

um; B, 309um; C, 800um; D, 309um; E, 1800um; F, 80pm; G, the buds showed less proliferation than the surrounding
1800um; H, 80um; I, 2600um; J, 315um; K, 2100um; L, epidermis (Balinsky, 1950). This hypothesis received support
270pum. from SEM studies with E13.5 rabbit embryos that showed
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individual cells along a raised mammary line having loosesuggest a model where FGF10 might regulaté expression
intercellular contacts and exhibiting pseudopodia, a hallmarthat in turn helps to specify the mammary epithelium. This
of cell motility (Propper, 1978). would be consistent withef1~embryos also having a similar
Until recently, no molecular marker was available to monitomammary phenotype, with a single inguinal placode. The
the emergence of mammary epithelial cells during the initiagbossibility that LEF1 regulatdsgf10seemed unlikely since its
phases of placode development. The transcription faetfidr  expression precedésflin mammary placode development.
has been shown to participateVimtsignaling by complexing However, FGF10-coated beads did not induef expression
with [B-catenin to form a transcriptional complex thatwhen placed in the epidermis close to or within the proposed
modulates the expression of WNT-responsive genes (Behrenammary line, indicating that FGF10 is either not involved in
et al., 1996; Eastman and Grosschedl, 199¢Lis expressed Lefl induction, or it is required earlier to help specify the
at the very early stages of placode formation (van Genderenmiammary epithelium. It is also possible that the epithelium is
al., 1994). We show here thatefl has a very dynamic only competent to respond to FGF10 for a short period of time,
expression pattern that appears to mark the cells that aggregatethat other growth factors act in synergy with FGF10 to
to form the mammary placode. For each placodefl induceleflexpression.
expression goes from a line, to a comet shape and finally to a . ) ]
characteristic disc. These observations would suggest theSFR2b ligands are involved in mammary bud 4
epithelial cells are recruited locally along a mammary line anfnaintenance
migrate to a precise location to form the mammary placode.In the Fgfr2b-~ embryos, bud 4 is formed but undergoes
o apoptosis after E12.5, while igf107~ embryos this bud is
Mammary placode formation is asynchronous maintained. This finding suggests that an additional FGFR2b
The timing of placode formation has not been addressed tigand is involved in the maintenance of the inguinal mammary
date, but might be expected to occur sequentially, from anteridaud. In situ hybridization analysis for genes encoding known
(placode 1) to posterior (placode 5) in line with other aspectSGFR2b ligands during this stage of development showed that
of mouse development. However, usihgfl expression to Fgf7 was the only one detected at E12.5 in the surrounding
monitor placode formation, they were found to emergemesenchyme of the mammary bud (Cunha and Holm, 1996),
between E11.5-E11.75 in the order 3, 4, 1 and 5 and then &xd therefore may act redundantly wkgf10 to maintain
This order of placode appearance is supported by SEMlacode integrity.
observations that show that they initially form an epidermal ) N o
mound that subsides and become undetectable by E14.5 (Ffggf10 is not critical for mammary bud 4 epithelium
1, Fig. 2 and S. B. and A. de Maximy, unpublished data). On@growth into the fat pad precursor
explanation for asynchrony is that placode formation idn female embryos between E12 and E16, the mammary bud
autonomous. This is consistent with placode 4 formation ishows a low level of proliferation termed the resting phase. At
Fgf107- and the Fgfr2b’- embryos, although we cannot late E16 proliferation increases and the mammary bud
exclude the idea that the single inguinal placode is actually @longates to form the mammary sprout. The sprout grows
fusion of placodes 4 and 5 which fail to separate. Theapidly downward, penetrating the mammary fat pad precursor
autonomous nature of placode formation is also supported ligsue that underlies the mammary placode [for reviews see
our recent work on thExtratoesmice, which have a deletion Sakakura and Robinson et al. (Sakakura, 1987; Robinson et al.,
in theGli3 gene (Hui and Joyner, 1993). TG&3 null embryos  1999)]. As the ductal epithelium penetrates the fat pad it begins
exhibit a lack of induction of placode 3 and 5, while the otheto branch. PTHrP is expressed in the mammary epithelium and
placodes are induced normally (S. B. and A. de Maximyappears to signal to PTHR1 expressed in the surrounding

unpublished data). mesenchyme. Disruption of thBTHrP gene leads to an
o ) o absence of epithelial bud elongation and subsequent ductal
The FGFR2b/FGF10 pathway is involved in the initial branching and to the degeneration of the mammary epithelium
phases of development of mammary glands 1, 2, 3 (Wysolmerski et al., 1998). A§gf10 is expressed in the
and 5 presumptive fat pad, it is plausible that FGF10 could be a

In contrast to the rabbit, a distinguishable mammary line seafownstream target of the PTHrP/PTHR1 signaling pathway.
as an elevation on the surface ectoderm has not been obsert#mvever, our results indicate that FGF10 was not critical for
in the mouse (Bellusci and de Maximy, unpublished datathe growth of the epithelium into the mammary fat pad to form
Balinsky, 1950; Propper, 1978). However, the observation of the mammary sprout, although this result only applies for the
line of transientFgfl0 expression in the dermomyotome mammary bud 4. FGF10 could certainly play a role in the
between E10.5 and E11, prior to placode formation, may béirectional growth of the other buds. Interestingly, the
indicative of such a mammary line. The chemoattractangpithelial sprout of the mutant mammary gland did not ramify
properties attributed to FGF10 in the migration of lungextensively after penetrating the fat pad, but this abnormality
epithelium during branching morphogenesis, suggests a similaras not apparent when thegfl0-deficient epithelium was
role in directing the migration of the epithelial cells along suchransferred into a wild-type stroma. This suggests that the
a hypothetical mammary line. Alternatively, FGF10 may act tdoranching defect is due to a defect in Buf107/~fad pad that
specify ectodermal cells destined to form mammary placode&s unable to support proper branching. Consistent with this

The lack of placodes 1, 2, 3 and 5 in b&#f107- and finding is a recent work demonstrating that FGF10 has a role
Fgfr2b-- mice was based on the absence of expression of ttie the development of adipose tissue, where it plays a role in
molecular markersLefl or Bmp4 as well as by direct the differentiation of the pre-adipocytes into adipocytes (N.
histological examination. Apart from placode 4, these findingstoh unpublished data).
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In conlcusion, we have shown thagfl expression in the Mailleux, A., Tefft, D., Ndiaye, D., Itoh, N., Thiery, J. P., Warburton, D.
mammary p|ac0de is dynamic, that mammary p|ac0de and Bellusci, S.(2001). In vivo evidence for the role of SPROUTY?2 as a

[P ; ; ; ; negative modulator of mouse embryonic lung growth and morphogenesis.
formation is asynchronous and involves two different signaling Mech. Dev102 81-04.

pathways, a FGF10/FGFR2b-dependent pathway for placodggina, p. (1996). The mammary gland: a unique organ for the study
1, 2, 3 and 5 and a FGF10/FGFR2b-independent pathway forof development and tumorigenesis Mamm. Gland Biol. Neoplasig 5-
placode 4. Our results also suggest that one or several member. _ '

of the FGF family are involved in mammary bud 4 maintenancin. H., Danilenko, D. M., Scully, S. A., Bolon, B., Ring, B. D., Tarpley,

. . . . E., DeRose, M. and Simonet, W. $1998). Fgf-10 is required for both
and thangflO expression Is not crucial for penetration of the limb and lung development and exhibits stricking similarity to Drosophila

mammary duct of bud 4 into the fat pad precursor. branchlessGenes Devl2, 3156-3161.
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