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The  embryonic  surface  ectoderm  gives  rise  to the epidermis  and  ectodermal  appendages  including  hair
follicles, teeth,  scales,  feathers,  and mammary,  sweat,  and  salivary  glands.  Their  early  development  pro-
ceeds  largely  the  same  through  the  induction,  placode,  and  bud  stages  prior  to  diversification  of epithelial
morphogenesis  which  ultimately  produces  the  wide  array  of  mature  organs.  In this  review we sum-
pithelial–mesenchymal interaction
lacode
ud
ermal condensate

marize  the  current  knowledge  on  the molecular  and  cellular  processes  driving  the  shared  stages  of
skin appendage  development  revealed  by  analysis  of  mouse  mutants.  We  focus  on three  mammalian
organs:  hair  follicle,  tooth,  and  mammary  gland.  We  reevaluate  the  information  gained  from  classic
epithelial–mesenchymal  tissue  recombination  experiments  in  light  of  current  molecular  knowledge.  We
place  special  emphasis  on  the  signaling  pathways  that mediate  tissue  interactions,  and  attempt  to link
the  signaling  outputs  to changes  in  cellular  behavior  that  ultimately  shape  the  developing  organ.
© 2014  Elsevier  Ltd. All  rights  reserved.
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. Introduction

The vertebrate ectoderm gives rise to a wonderful variety of
ppendages such as hair follicles, teeth, mammary and sweat
lands, scales, and feathers to name a few. Despite the apparent

been uncovered [1]. Further, the early stages of development are
morphologically remarkably similar and proceed via induction,
placode and bud stages followed by diverse patterns of epithe-
lial growth (Fig. 1). They all arise from two proximate tissues:
the epithelium and the mesenchyme, separated by a basement
ifferences in the adult form, function, and regenerative capacity,
ctodermal appendages share multiple features during develop-
ent. Several commonalities in the molecular regulation have

∗ Corresponding author. Tel.: +358 9 191 59344; fax: +358 9 191 59366.
E-mail address: marja.mikkola@helsinki.fi (M.L. Mikkola).

084-9521/$ – see front matter © 2014 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.semcdb.2014.01.007
membrane. The epithelial tissue is of ectodermal origin whereas
the source of the mesenchymal tissue varies [1]. Sequential and
reciprocal crosstalk between the epithelium and the underlying

mesenchyme is a critical and uniting theme. Its importance in
all aspects of ectodermal appendage development – induction,
patterning, morphogenesis, and differentiation – cannot be over-
emphasized.

dx.doi.org/10.1016/j.semcdb.2014.01.007
http://www.sciencedirect.com/science/journal/10849521
http://www.elsevier.com/locate/semcdb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.semcdb.2014.01.007&domain=pdf
mailto:marja.mikkola@helsinki.fi
dx.doi.org/10.1016/j.semcdb.2014.01.007
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Fig. 1. Development of ectodermal appendages proceeds via shared placode and bud stages prior to diversification of epithelial morphogenesis. In teeth, the epithelial signaling
centers express many of the same signaling molecules, but the relationship between the early signaling center and the enamel knot has not been clarified. Expression of many
enamel knot markers is also detectable at the tip of the late bud stage tooth (not depicted in the figure). Epithelium, pink; epithelial signaling centers, purple; mesenchyme,
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lue;  condensed mesenchyme, dark blue.

The site and timing of induction for each ectodermal appendage
iffer. Tooth primordia form in the oral cavity along a horseshoe-
haped region: the dental lamina that marks the future dental arch
2]. In mice, one incisor and one molar tooth rudiment, separated by

 toothless diastema region, is apparent in each jaw half at embry-
nic (E) day E12. The development of the second and third molars
iffers in that they are generated from the posterior extension of
he preceding molar, and thus will not be discussed further in this
eview. Mammary gland primordia develop along a curved line, the
ammary line, that runs between the fore and hind limb on the

anks of the embryo [3]. In mice, five pairs of mammary rudiments
ecome morphologically distinct from the surrounding epidermis
etween E11 and E12. Accordingly, expression of many placode
arkers can be detected along the mammary line between E11 and

12, but from ∼E12.5 onwards they become restricted to individual
ammary primordia [3]. Hair follicle development initiates some-
hat later. Murine pelage hair follicles develop in three waves: the
rst ones, primary hair follicles, are induced at E13.5 and become

orphologically pronounced during the following 24 h [4]. The sec-

nd and third waves of hair placode formation occur at E16.5 and
ust before birth.

ig. 2. Hematoxylin-eosin stained sections of a placode stage molar tooth (left), hair foll
air  follicle dermal condensate.
2. Overview of embryonic hair follicle, tooth, and
mammary gland development

The first morphological sign of a forming ectodermal appendage
is a local epithelial thickening, known as a placode. In all three
organs, placodes appear as truly stratified structures (Fig. 2). It
should be mentioned that the term placode has not been universally
adopted in the field of tooth development research. Instead, stages
prior to bud (E11–E12.5) have often been collectively referred
to as the epithelial thickening, dental lamina, or simply initia-
tion stage. However, gene expression pattern analyses suggest
the presence of two distinct early stages: the continuous den-
tal lamina resolves into separate tooth rudiments between E11
and E12. Many genes are initially (E11.0–E11.5) expressed along
the entire dental lamina, but by E12 become evident as dis-
crete spots that mark the epithelium of individual incisor and
molar primordia (e.g. Foxi3, Pitx2) or the early signaling centers
therein (e.g. Shh, Bmp2) [2,5–8] (Fig. 1). Based on morphologi-

cal and molecular similarities, we  regard the E12.0–E12.5 tooth
stage equivalent to the placode stage in mammary glands and hair
follicles.

icle (middle), and mammary gland (right). Scale bar, 100 �m.  Arrow points to the
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After placode formation, the epithelium gives rise to an
ngrowth, a bud, which in the case of hair follicle is also called the
air germ. Differences in epithelial morphogenesis become notable
fter the bud stage. The hair follicle elongates and progresses via
eg and bulbous peg stages before reaching its final shape and size
ostnatally [9]. The dental epithelium transits through cap and bell
hapes prior to hard tissue formation [2]. In late bud stage, cells at
he tip of the bud cease to proliferate, start to express a multitude
f growth factors and thus function as a signaling center known as
he enamel knot [2,5]. The enamel knot instructs the surrounding
pithelial tissue, the cervical loops, to proliferate and grow deeper
nto the mesenchyme. The mammary bud epithelium plunges into
he dermis and reorganizes into a light bulb-like structure char-
cterized by a narrow neck, a poorly understood morphogenetic
henomenon observed also in developing teeth. After a period of
elatively slow growth, the mammary bud elongates at ∼E16 into
he deeper lying tissue, the precursor of the adult fatty stroma, and
ndergoes branching morphogenesis [3].

Concurrent with epithelial morphogenesis, the underlying
esenchyme becomes reorganized. The first visible sign of mes-

nchymal morphogenesis is the condensation of the mesenchymal
issue [1]. This local increase in cellular density is readily evident in
istological sections of placode stage hair follicles (Fig. 2). As hair
orphogenesis continues, the leading edges of the down-growing

ollicular epithelium (which bear resemblance to the cervical loops
f the tooth epithelium) gradually engulf the dermal condensate
DC) which from thereon is called dermal papilla (DP). In develop-
ng molars, quantitative measurements have revealed that placode
ormation at E12.5 (but not prior stages) is associated with ∼50%
ncrease in mesenchymal cell density which is further augmented
n the bud stage [10]. We  are not aware of quantitative analyses
n mammary mesenchyme, but it appears that no specific con-
ensate can be detected at placode stage [3,11]. The condensate
ecomes evident only at the bud stage (E12.5–E13.0) coinciding
ith the onset of expression of certain mammary mesenchyme-

pecific genes such as estrogen receptor � [3,11].

. Lessons from tissue recombination experiments

Much of our understanding on the mechanisms that govern the
nduction and patterning of ectodermal appendages is grounded in
lassic tissue recombination studies. In these experiments, epithe-
ial and mesenchymal tissue layers were enzymatically separated
rom each other and recombined into new composites where the
ge, body location, and source (species) of the two tissues could
e varied [12,13]. For prolonged culture, the tissue chimeras were
sually grafted into the anterior eye chamber or kidney capsule of
ice, or the chorioallantoic membrane of chick embryos.
It has been known for a long time that the cap stage tooth

esenchyme can elicit odontogenic potential in heterologous
pithelia [14,15]. A combination of dental papilla mesenchyme
nd plantar epithelium of the foot gave rise to teeth whereas
he reverse produced keratinized plantar-like skin only [14]. Mina
nd Kollar generated a series of chimeras in which isochronic
pithelia and mesenchyme from the first (odontogenic) and sec-
nd (non-odontogenic) branchial arches (BA) were recombined
16]. Between E9 and E11, chimeras produced from first BA epithe-
ium and second BA mesenchyme induced tooth formation at
igh frequency. At E12 only few, and at E13 none such chimeras
ave rise to teeth. The opposite result was observed when first
A mesenchyme was recombined with second BA epithelium: no

ooth formation took place in E9–E11 chimeras whereas E12–E13
ecombinants readily formed teeth [16]. These findings were sub-
tantiated by Lumsden whose data suggest that only neural crest
erived “ecto-mesenchyme”, but not mesodermal mesenchyme,
elopmental Biology 25–26 (2014) 11–21 13

is competent to respond to the initial epithelial cue(s) [17]. He
also showed that isochronic first BA mesenchyme-limb bud epithe-
lium chimeras from E9 to E10 embryos failed to produce teeth
whereas in E11 recombinations, teeth did form [17]. Thus, although
the timing when the prospective dental mesenchyme acquires
tooth-inductive capacity differed slightly between the two reports
(∼E12.5 vs. ∼E11.5) [16,17], collectively these studies reveal that
the tooth-inductive potential resides initially in the epithelium, and
then shifts to the mesenchyme, the timing of which seems to coin-
cide with the appearance of the condensed dental mesenchyme
[10].

In hair follicle research, transplantation assays have been used
extensively to test the inductive capacity of the hair-specific mes-
enchyme. After the pioneering studies using rat vibrissae [18],
numerous studies have unequivocally shown that the DC/DP has
hair inducing capacity, even when associated with epithelium that
normally does not produce hair [19; for review see 20]. These
findings are concordant with Kollar’s tissue chimera experiments:
recombination of E12 snout or E14 dorsal mesenchyme (i.e. DC-
containing mesenchyme) with E15 plantar (non-hair forming)
epidermis led to hair follicle formation [21]. In contrast, no hair
formed in chimeras consisting of E14 back skin epidermis and E15
plantar mesenchyme [21]. These data show that DC but not pla-
codal epithelium possesses the hair fate reprogramming ability.
Heterologous mouse-chick recombination assays showed that E14
back skin mesenchyme induces appendage formation even in non-
feather forming epidermis [22].

These and other similar experiments [12] have commonly been
interpreted to indicate that the initiating signal for hair follicle
development arises in the dermis. It should be noted, however,
that the inductive capacities of naive (prior to placode/DC forma-
tion) epidermis and dermis have not been rigorously tested, or the
results have been inconclusive. In particular, E12–E13 back skin-
plantar skin recombinants would be highly informative. Dhouailly
reported that unlike murine E14.5 dorsal dermis, E12.5 dermis
did not induce appendage formation when recombined with non-
feather forming epidermis from midventral apterium although
the control experiment (E12.5 mouse dermis + E12.5 mouse epi-
dermis) was  successful [22]. In the reverse chimeras (mouse
E12.5 back skin epithelium + non-feather forming mesenchyme)
“small atypical epidermal nodules” formed but their exact nature
remained obscure. Taken together, once a morphologically distinct
mesenchymal condensate has formed, it bears the hair-inductive
potential. Further, the possibility that a similar early epithelial to
mesenchymal shift in the inductive potential as observed in teeth
exists cannot be currently excluded.

Tissue chimera studies assaying the inductive potential of mam-
mary mesenchyme in non-mammary epithelium have also been
performed [13,23]. Recombination of E13 condensed mammary
mesenchyme with dorsal or mid-ventral epidermis of E13 mouse
and rat embryos induced development of mammary ducts that
underwent functional differentiation when grafted in vivo [24].
Thus, as in developing teeth and hair follicles, the condensed mes-
enchyme bears the inductive capacity. Whether the mammary bud
mesenchyme can elicit mammary development in heterologous
epithelia also at earlier stages – prior to condensation – remains
to be tested.

4. Epithelial morphogenesis

4.1. Signaling pathways involved in placode and bud formation
The Wnt, fibroblast growth factor (Fgf), hedgehog (Hh), and
transforming growth factor � (Tgf�), in particular the bone mor-
phogenetic protein (Bmp) and activin�A, pathways have been
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dentified as key regulators of nearly all organ systems (for a
etailed description of these signaling cascades see [25–29]). In
ddition, the tumor necrosis factor (Tnf) family ligand ectodys-
lasin (Eda) and its receptor Edar have a recognized role in
ctodermal appendage morphogenesis [30]. We  will focus on these
athways in the following discussion.

.1.1. The Wnt/ˇ-catenin pathway
The canonical Wnt  pathway is mediated by �-catenin which

ecomes stabilized upon receptor activation and complexes with
cf/Lef1 family of transcription factors for signal transduction
25]. The importance of Wnt/�-catenin pathway in initiation
f ectodermal appendage development was first uncovered by
ouse mutants deficient in Lef1, which display reduced number

f poorly developed hair follicles, absence of most mammary
uds, and bud-stage arrested teeth [31]. Further analyses using
ice overexpressing the soluble Wnt  inhibitor Dickkopf1 (Dkk1)

ither constitutively under the keratin14 (K14) promoter or
nducibly under the K5 promoter (K5-rtTA; tetO-Dkk1) revealed
hat suppression of canonical Wnt  signaling leads to absence
f all signs of hair and mammary placode formation [32–34].
pithelial deletion of �-catenin caused a hair phenotype identical
o Dkk1 overexpression revealing the necessity of epithelial Wnt
ignaling in placode morphogenesis [33,35]. Deletion of �-catenin
n mammary epithelium has only been achieved after placode
ormation. This results in smaller mammary buds, but their further
evelopment was not assessed [36]. Tooth development was
rrested at the dental lamina-placode and placode-bud transi-
ion stage in Dkk1 expressing and �-cat loss-of-function (l-o-f)

odels, respectively [37]. The difference could be due to earlier
nt inhibition in the former model, or may  indicate a role for
esenchymal �-catenin. Whether canonical Wnt  pathway is

equired for dental lamina formation could not be assessed due to
he presence of residual signaling activity at E11.5 in both mouse

odels.
Wnt/�-cat pathway gain-of-function (g-o-f) studies have also

een very informative. Forced epithelial activation of �-catenin
dvances induction of hair placodes and eventually programs the
ntire epidermis to hair follicle fate [38,39]. In the oral cavity, it
rovokes formation of multiple ectopic epithelial invaginations
iving rise to supernumerary teeth [37,40]. The effect of epithe-
ial �-catenin g-o-f on mammary placode formation has not been
escribed, but mouse mutants lacking negative regulators of the
anonical pathway (Sostdc1, Lrp4) display enlarged mammary pla-
odes/buds and ectopic placode-like structures [36,41]. Genetic
escue experiments confirmed that these defects were primarily
aused by elevated Wnt/�-catenin signaling [36]. Collectively, l-o-

 and g-o-f studies suggest that a Wnt  ligand(s) lies high upstream in
he hierarchy of placode regulators, and could even perhaps be the
ey inducer of ectodermal appendage development. Keeping this
n mind together with the presumption that the primary inductive
ue for hair development is thought to arise in the mesenchyme, it
as somewhat surprising that embryonic hair morphogenesis pro-

resses seemingly normally in mice lacking expression of dermal
ntless (Wls; a.k.a. Gpr177), a protein essential for Wnt  secretion

42,43]. This finding argues that a mesenchymal Wnt  ligand is an
nlikely prime inducer of hair formation.

The consequences of epithelial loss of Wls  have been analyzed in
mbryonic hair and teeth. When Wls  was deleted in the embryonic
pidermis, hair placode induction was fully inhibited [42,43]. Data
rom teeth also stress the importance of epithelial Wnts. Whereas
oss of Wls  in neural crest-derived tissues including dental mes-

nchyme does not cause retarded tooth growth until bell stage
unpublished data reported in [44]), epithelial deletion leads to a

uch earlier developmental arrest [44]. However, tooth develop-
ent proceeds somewhat further than in epithelial �-catenin l-o-f
elopmental Biology 25–26 (2014) 11–21

mice. Although this difference may  indicate redundancy between
epithelial and mesenchymal Wnt  ligands, it could as well reflect dif-
ferential Cre efficiency and/or stability of the transcripts/proteins
encoded by the deleted genes. Together, data obtained from manip-
ulating various Wnt  pathway components indicate that epithelial
Wnt/�-cat signaling, likely activated by epithelial Wnts, is needed
for both placode formation and budding morphogenesis.

The importance of mesenchymal Wnt/�-catenin activity for
placode formation has also been assessed by l-o-f and g-o-f
approaches. In the mammary region, Dermo1-Cre mediated dele-
tion of �-catenin does not interfere with placode/bud formation
[45], but the great variability observed in Cre activity hampers data
interpretation. No mammary mesenchyme specific g-o-f studies
have been reported. In developing teeth, deletion of �-catenin with
Prx1-Cre (active in the incisor region only) does not halt incisor
morphogenesis but occasionally results in splitting of the placode
[46]. Deletion using Osr2-Cre allows molar morphogenesis up to
bud stage [47]. Unfortunately, in both murine models, inactiva-
tion of �-catenin is initially mosaic precluding conclusions on the
effect of an early depletion of mesenchymal Wnt/�-catenin activity
on tooth morphogenesis. On the other hand, mesenchymal sta-
bilization of �-catenin with Osr2-Cre induces formation of tooth
bud-like structures in the palate. These invaginations express sev-
eral markers of the dental epithelium, but lack many mesenchymal
ones and apparently do develop beyond aberrant bud stage [47].
Thus, both epithelial and mesenchymal Wnt/�-catenin activity can
trigger tooth induction – this may  suggest that the Wnt  pathway
is imperative both in the initial epithelial odontogenic potential,
as well as in the later ability of the mesenchyme to induce tooth
formation.

In the skin, En1-Cre driven inactivation of mesenchymal �-
catenin fully inhibits hair placode formation. However, it also leads
to loss of several fibroblast lineage markers in the upper dermis
raising the possibility that the defect in hair follicle formation could
be secondary to loss of proper dermal identity rendering these cells
incapable to support hair formation [42]. Tbx18-Cre mediated dele-
tion of �-catenin leads to near complete ablation of Wnt/�-catenin
signaling in forming DCs at E14.5. In this model, loss of �-catenin
does not interfere with primary hair placode formation, but results
in aborted morphogenesis soon after likely due to downregulat-
ion of several DC-derived paracrine factors such as activin ˇA and
Fgf7/10 [48; see also below]. In contrast to epithelial �-catenin g-o-
f mutants [38,39], forced mesenchymal stabilization of �-catenin
does not induce ectopic or premature hair follicle initiation but
increases the size of hair placodes and associated DCs [42].

Since activation of epithelial �-catenin is currently the only
genetic manipulation known to cause precocious hair induction,
and only epithelial Wnts are required for hair follicle induction,
does this indicate that an epithelial Wnt  ligand is the long-sought
primary inductive cue for hair development? While there are
currently no strong data to argue against, it is equally possi-
ble that the mesenchyme provides the first signal, perhaps one
that renders the epithelium competent to respond to epithelial
Wnts, either directly or indirectly. An interesting twist to the Wnt
saga was the identification of R-spondins (Rspo1-4) as secreted
agonists of the canonical Wnt  pathway and G-protein-coupled
receptor 4/5/6 (Lgr4/5/6) as their receptors [49]. Although the
detailed expression pattern of Lgr4/5/6 and Rspo1-4 in ectodermal
appendages awaits analysis, at least Lgr4 and Lgr6 are expressed
in the epithelium during early stages of hair development whereas
Rspo transcripts seem to be located both in the epithelium and the
mesenchyme [50,51; www.genepaint.org; www.eurexpress.org].

K5-Cre mediated epithelial deletion of Lgr4 leads to severely
reduced number of primary hair placodes [52], but the Rspo(s)
involved have not been identified. An attractive hypothesis is that
a mesenchymal Rspo could function as (part of) the first inductive

http://www.genepaint.org;/
http://www.eurexpress.org/
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ue to potentiate autocrine Wnt/�-catenin signaling in the
pidermis.

.1.2. The Eda pathway
Eda, its receptor Edar, and the intracellular adaptor protein

daradd form a linear pathway leading to downstream activation
f the transcription factor NF-�B [30]. Edar is focally expressed
n placodes, and the pathway is exclusively active in the epithe-
ium. K14-promoter driven overexpression of Eda (K14-Eda mice)
ncreases hair placode size, whereas inactivation of the pathway
brogates primary hair placode formation [53–56]. Detailed histo-
ogical and placode marker analyses have revealed the presence of
udimentary epithelial structures termed pre-placodes in Eda path-
ay mutants [57–59]. This initial placode specification requires
nt/�-catenin activity, but the maintenance and further mor-

hogenesis of pre-placodes depend on Eda [33]. Stabilization of
pithelial �-catenin can bypass the need for Eda in primary hair
lacodes, but forced activation of Eda/Edar cannot rescue placode
ormation in the epithelial �-catenin l-o-f model [33,38]. Further,

 complex interdependence between the two pathways has been
evealed: Wnt/�-catenin upregulates expression of Edar in pla-
odes whereas Edar/NF-�B is needed to maintain focal epithelial

nt  activity and expression of Wnt10a/b [33]. In mice mutant for
oth Eda and Troy, a Tnf receptor related to Edar, secondary hair
lacodes also fail to form [60]. This is an intriguing finding in light of
ecent data showing that Troy suppresses canonical Wnt  signaling
n the intestinal epithelium [61]. Whether this function of Troy is
onserved in hair placodes is not known.

In contrast to primary hair placodes, Eda/NF-�B is dispensable
or tooth and mammary placode formation [56,60,62,63]. In K14-
da mice, multiple supernumerary mammary placodes are induced
long the mammary line giving rise to nipples with associated duc-
al trees in the adult [53,64]. In addition, a supernumerary tooth is
nduced at high frequency anterior to the first molar [64]. Whether
t forms from a de novo placode similar to ectopic mammary pla-
odes, or as result of an anterior extension of the first molar via

 process resembling the generation of second and third molars,
s not known. Thus, although not necessary, excess Eda pathway
ctivation can provoke dental/mammary cell fate [53,64,65]. One
lausible explanation for the absence of an early dental/mammary
henotype in Eda null embryos could be the presence of another
F-�B inducer. However, expression analysis of an NF-�B reporter

ransgene in Eda null background does not to support such a pos-
ibility [60,63].

Tooth buds of Eda null embryos are smaller, indicating a role
n budding morphogenesis [62]. Several placode markers are also
xpressed at reduced levels in mammary placodes and buds and
hus a presence of a subtle mammary bud phenotype cannot be
xcluded [8,63]. The function of Eda in hair bud formation is less
lear. Conditional murine models in which Eda transgene expres-
ion was induced in Eda null background suggest that Eda is needed
nly until the early dermal papilla stage [66]. Analysis of tail hair
ormation (which also fail to form in the absence of Eda) in another
n vivo model where the inductive properties of Eda were tested by
dministering recombinant Eda protein to Eda null mice suggests
hat Eda is needed only very briefly for placode formation but not
or the following morphogenesis [67].

.1.3. The Fgf pathway
Ligand engagement of any of the seven mammalian Fgfr

soforms (encoded by four Fgfr genes) may  activate several
ownstream pathways including the Ras-Raf-Mapk and PI3K-Akt

athways [26]. Dissecting the exact role of Fgf signaling in ectoder-
al  appendage development has been hampered by redundancy

t the level of both ligands and receptors. Data from in vitro
xperiments in which E10–E11 mandible explants were treated
elopmental Biology 25–26 (2014) 11–21 15

with SU5402, a pan-Fgfr inhibitor, suggest that Fgf signaling is not
essential for the expression of dental lamina/placode markers [68].
However, in this study the morphological development was not
assessed. The only Fgfr detectable in the dental epithelium at early
developmental stages is the IIIb isoform of Fgfr2 (Fgfr2b)  [69]. In
mice with germline deletion of Fgfr2b,  teeth develop up to placode
stage [70,71]. A similar result was obtained when both isoforms
of Fgfr2 were conditionally inactivated with the K14-Cre driver
[72]. Thus, Fgf signaling seems to be dispensable for tooth placode
formation, yet indispensable for budding morphogenesis.

As in the oral cavity, expression of Fgfr2b is also confined to
epithelium in the embryonic skin. In contrast to teeth, however,
Fgfr2b plays an early essential role in mammary placode formation.
Mice null for Fgfr2b,  or its ligand Fgf10, lack all mammary placodes
except the fourth [73,74]. Expression of Fgf10 is unaffected in Dkk1
overexpressing embryos suggesting that Fgf10 lies upstream of, or
is parallel to, the Wnt/�-catenin pathway [34]. It is not known
whether placode 4 forms independently of Fgfs, or whether loss
of Fgf10/Fgfr2b signaling is compensated for by another Fgf ligand-
receptor pair.

A positive role for Fgfr2b in early hair morphogenesis was
inferred from the reduced number of hair buds observed in Fgfr2b
null embryos [70,75], although the exact developmental stage
affected has remained elusive. Somewhat surprisingly, a more
recent study showed that the expression of Fgfr2b is downreg-
ulated in nascent hair placodes [76]. Further, exposure of naïve
embryonic skin explants to Fgfr2b agonists either prevents hair
placode induction (Fgf7) or has no effect (Fgf10). In line with the
in vitro study, transgenic overexpression of Fgf7 (K14-Fgf7) sup-
presses hair formation [77] and epithelial deletion of both Fgfr1
and Fgfr2 using a K5-Cre transgene expressed from E15.5 onwards
(i.e. presumably active during induction of secondary and tertiary
hair follicles that constitute >95% of pelage hairs) has no obvious
deleterious effect on hair numbers or morphogenesis [78]. Further
studies are needed to define the role of epithelial Fgfrs in early hair
follicle morphogenesis.

4.1.4. The Hedgehog pathway
Hh binding to its receptor Patched (Ptch1 or Ptch2) relieves Ptch

mediated repression of the transmembrane protein Smoothened
(Smo), an obligate component of the Hh signaling cascade. Smo  acti-
vation converges on Gli1-3 proteins, which are key transcriptional
effectors of the canonical Hh pathway [27]. Of the three mammalian
hedgehog proteins, Sonic hedgehog (Shh) is the only one impli-
cated in ectodermal appendage morphogenesis. Expression of Shh
is epithelial in developing appendages, but in mammary buds Shh
transcripts are barely detectable [1,79]. In contrast to teeth and hair
follicles [80–82], no Gli1+, Ptch1+ cells have been detected at any
stage of mammary gland development indicating absence of canon-
ical Hh signaling, thereby distinguishing the mammary gland from
other ectodermal appendages [83].

Shh null mice have severe craniofacial abnormalities and there-
fore are not informative in tooth development studies, but Shh has
been conditionally deleted using the K14-Cre driver [84]. In this
model, some residual Shh expression was  still detected at placode
stage precluding analysis of Shh’s function at earlier stages. Molar
placodes and buds were less deep but wider indicating that Shh
somehow organizes placodal cells, but the mechanism is not known
[84]. In addition, Shh seems to act as an epithelial mitogen [80].
An early function was  indicated also by analysis of mice lacking
Gli2 and Gli3. Compound mutant embryos analyzed at E13.5–E14.5
show no sign of molar development and only a rudimentary central

incisor bud [80]. Unfortunately, interpretation of these data is com-
plicated by the fact that Gli2/3 have both activator and repressor
functions [27; see also below] and that the effects of Shh may  be in
part mediated by the mesenchyme [80]. Comparison of conditional
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hh or Smo mutant mice, generated using the same K14-Cre strain,
upport this conclusion: Smo deficient embryos have a milder tooth
henotype than those lacking Shh [84,85].

In hair follicles, Shh appears to mark more committed pla-
ode cells as no expression of Shh or Ptch1 has been detected in
rimary hair pre-placodes that form in Eda/NF-�B mutant mice
54,55,57,86]. Shh is not required for hair placode formation,
ecause hair morphogenesis proceeds up to the placode/bud tran-
ition stage in Shh null embryos [81,82]. This defect is phenocopied
y loss of Gli2 and is associated with reduced epithelial prolifer-
tion in both mutants [81,87]. Gli2 deficiency can be rescued by
pidermal Gli2 expression confirming a key role for epithelial Gli2
n hair bud growth [87].

Hh proteins are dispensable for mammary gland development
79,88], yet mice lacking functional Gli3 (extra-toes mutant) fail to
nduce placode 3 and 5, and buds 2 and 4 are hypoplastic [74,83,89].
hese two findings may  seem contradictory at first glance. How-
ver, there is strong genetic evidence showing that Hh signaling
eeds to be off to allow induction of mammary placodes 3 and 5, a
tate achieved by the repressor function of Gli3 [83]. Reduced Fgf10
xpression has been proposed to explain the mammary phenotype
f Gli3 mutant mice [74].

.1.5. The Tgf  ̌ pathway
Cellular responses elicited by the large family of Tgf� ligands are

ediated by a transmembrane receptor complex formed by type I
nd type II receptors. Signal transduction is propagated through the
hosphorylation of either Smad1/5/8 (Bmps) or Smad2/3 (Tgf�1–3
nd activins) that partner with Smad4 for canonical signal trans-
uction [28,29]. Several regulators of the Tgf� pathway have been

inked with the early inductive events guiding hair and tooth devel-
pment, but so far no mouse mutants with an early mammary gland
henotype have been reported.

Many studies have indicated that suppression of epithelial Bmp
ignaling is necessary for hair placode morphogenesis to take place
58,90,91]. This is achieved by noggin, a potent inhibitor expressed
n the dermal condensate. Noggin null mice lack secondary and ter-
iary hair placodes yet primary placodes are induced [91,92]. Excess
oggin increases hair placode density ex vivo and hair follicle den-
ity in vivo, whereas administration of Bmp4, normally expressed in
he dermal condensate, precludes hair placode induction in embry-
nic skin explants [58,90,91,93]. It has been proposed that Ctgf and
ollistatin, two Tgf� antagonists induced by Edar, could compen-
ate for loss of noggin in primary hair placodes [58,91], but genetic
vidence for their role in hair placode formation is lacking.

The negative effects exerted by epithelial Bmp  signaling on hair
lacodes are not fully understood, but include at least inhibition of
nt/�-cat signaling via downregulation of Lef1 and suppression of

dar expression [58,90,94]. In addition, Bmps generate a Wnt/�-
atenin inhibited zone around hair and mammary placodes by
nducing the expression of Sostdc1 [58,95]. In Sostdc1 null embryos,
rimary hair placodes are slightly enlarged and multiple super-
umerary vibrissae form [36,41]. On the other hand, mice lacking

ollicular Bmp  signaling (achieved via K14-Cre mediated deletion
f Smad1 and Smad5) display fewer and poorly developed hair
ollicles at birth suggesting a positive role for Bmps in hair bud
owngrowth [96].

The function of Bmps in dental placode and bud morphogen-
sis appears quite different from that reported in hair follicles. A
ositive role for Bmp4 in particular was proposed two decades ago
hen it was realized that its expression shifts from the epithe-

ium to mesenchyme simultaneously with the shift in odontogenic

otential. Further, in tooth mesenchyme explants Bmp4 induces

ts own expression and that of several genes essential for tooth
evelopment [2,97]. Several murine models with suppressed Bmp
ignaling have been reported, but they all present with a relatively
elopmental Biology 25–26 (2014) 11–21

late bud-to-cap transition arrest [1,2,98]. In the dental epithelium,
Smad4 functions redundantly with p38 Mapk signaling to mediate
Tgf� signaling [99], but so far no role for epithelial Bmp  signaling
prior to cap stage has been confirmed.

Only recently, a role for Bmps in tooth placode morphogene-
sis was genetically confirmed by generating a K14-Cre inducible
noggin transgenic mouse [100]. In this model, prominent noggin
overexpression was  achieved already at the dental lamina stage
(E11.5) which led to arrested molar development at the lamina-
placode transition. Noggin is a secreted molecule, and therefore it
remained uncertain whether the target tissue was  the epithelium,
mesenchyme, or both. When Smad4 is deleted in the dental mes-
enchyme using Wnt1-Cre (active in neural crest cells) dental lamina
appears unaffected [101]. The Smad4 mutant embryos die at E11.5-
E12.5 impeding further analysis, but organ culture experiments
suggest that the mutant teeth do not progress beyond the lamina
stage, similar to noggin overexpressing mice [101]. Although inac-
tivation of Smad4 inhibits signaling by all Tgf� family members, the
mesenchymal Smad4 deficient phenotype most likely reflects loss
of Bmp  signaling because other putative Smad4 activators either
have no known role in early tooth development (Tgf�1–3) or the
epithelium is their likely target tissue (activin A; see below) [102].

A growing body of evidence indicates that the Wnt  and Bmp
pathways regulate one another [38,46,103]. Notably, the noggin
transgenic tooth phenotype is similar to that of Dkk1 overexpress-
ing embryos [37,100]. However, these models are not phenocopies
of one another. For example, expression of Shh is completely
abolished in Dkk1 transgenic embryos, but unaffected by noggin
overexpression. Also many mesenchymal markers including Bmp4
are only slightly affected in noggin mutants but abolished in Dkk1
mice [37,100]. Further, a recent genome-wide gene expression
profiling study suggests that a Wnt-Bmp feedback circuit is the
key regulator of epithelial-mesenchymal interactions in develop-
ing teeth [103], but the full nature of these interactions remains to
be uncovered.

In addition to Bmps, at least two other Tgf� superfamily
members, Tgf�2 and activin A, are involved in early ectodermal
appendage morphogenesis. Activin A, consisting of two  polypep-
tides encoded by the activin ˇA (inhba) gene, is expressed in the
mesenchymal condensate both in teeth and hair follicles, but based
on target gene expression its actions are limited to the epithe-
lium [102]. In activin ˇA null mice, development of incisors and
mandibular molars proceeds only up to a small bud stage yet
mesenchymal condensation is unaffected [102]. The reason for
the growth arrest has remained inexplicable. Activin ˇA null mice
display a differentiation defect in vibrissae, but the pelage hair
phenotype has not been reported [104]. Of note, hair follicles of
Tgfˇ2 null embryos exhibit a profound delay in hair morphogene-
sis. Tgf�2, also emitted from the mesenchyme, positively regulates
epithelial proliferation in the hair bud [105,106].

4.2. Cellular mechanisms driving placode and bud formation

As described in Section 4.1, the details of the molecular reg-
ulation of placode and bud formation are being uncovered with
greater precision. A central question is how this molecular infor-
mation is translated into coordinated changes in cellular behavior
that ultimately drives epithelial morphogenesis. Does the use of
common signaling cascades such as the Wnt/�-catenin pathway
indicate that all ectodermal appendage placodes form via the same
mechanism? Or, does the apparently divergent use of, e.g. Fgfr2
rather point to at least partially distinct mechanisms? One possible

scenario is the existence of a unifying theme with distinct variations
in each organ.

The cellular mechanisms most commonly discussed in the con-
text of ectodermal appendage placodes are change in cell shape
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rom cuboidal to columnar, focally increased cell proliferation, and
ell migration [1,3,12,107]. Mechanisms involved in tooth placode
ormation are particularly poorly studied, but both changes in

itotic spindle orientations and cell proliferation have been pro-
osed to be involved [1,100]. We  have recently set up confocal
ime-lapse imaging of embryonic skin explants to visualize hair pla-
ode formation in live tissues (Ahtiainen et al., unpublished data).
ur data suggest that primary hair placodes form via directed cell
igration and cell intercalation resulting in a truly stratified thick-

ning of the epithelium. Quantitative analysis of the Fucci cell cycle
ndicator transgenes [108] do not support cell proliferation as the
ellular mechanism driving placode formation, but instead suggest
hat proliferation needs to be suppressed for placode morphogene-
is to take place (Ahtiainen et al., unpublished data). This conclusion
s in line with data showing that treatment of skin explants with
otent mitogens such as Fgf7 or epidermal growth factor receptor
gonists prevents placode formation [76,109].

Several studies also implicate cell migration as the main cellu-
ar mechanism associated with mammary placode formation [3].
his was first proposed by Balinsky based on comparison of mitotic
ndices in early mammary rudiments and the surrounding non-

ammary epithelium in mouse and rabbit embryos [110,111], and
ater by Propper who observed cells with motile characteristics
top the mammary ridge in the rabbit embryo by scanning electron
icroscopy [112]. A more recent study also showed near absence

f BrdU incorporation in forming mammary placodes [89]. In Lrp4
nd Sostdc1 mutant mice, excess mammary epithelial cells (judged
y Wnt  reporters and other placode markers) form and are main-
ained for a longer time in-between mammary placodes [36,41].
nterestingly, these cells show greatly reduced cell proliferation,
imilar to mammary placode cells [36]. This finding is concordant
ith our unpublished results on the E13.5–E14.5 back skin where

xcess Wnt  protein, or overexpression of Eda, confers interplaco-
al cells certain placode characteristics such as increased motility
nd decreased proliferation. Collectively, these data indicate that
cquisition of hair/mammary placode cell fate downstream of Wnts
nd/or Eda correlates negatively with cell proliferation but posi-
ively with cell motility.

After hair, tooth, and mammary placodes have emerged they
nvaginate to form bud structures. An interesting question is

hether and how budding morphogenesis differs from placode for-
ation. The rapid growth of hair and tooth buds strongly suggests

ell proliferation as the driving force, and it seems that multiple
athways including Wnt/�-catenin, Shh, Fgf, and Tgf� are involved

n bud formation, and/or downgrowth. Analysis of the skin pheno-
ype of epidermal Gli2 and other Shh pathway g-o-f studies indicate
hat Shh signaling functions to promote epithelial cell proliferation,
ikely through the D-type cyclins [87,113; and references therein].
rdU incorporation assays suggest that the block in tooth placode
o bud transition in Fgfr2b null embryos is due to reduced epithelial
ell proliferation [71,72] further hinting that budding is driven by
roliferation.

In contrast to teeth and hair follicles, budding morphogenesis
eems to proceed very differently in mammary glands. Very low
itotic indices have been reported not only at the placode stage

ut at least until E14.5 (late bud stage) indicating that cell prolif-
ration has only a minor contribution in mammary bud formation
89,110,111]. Therefore it seems plausible that continuous influx
f epithelial cells likely accounts for the observed (slow) growth
f mammary buds. In addition, basal cells are reported to change
hape and increase in size thereby contributing to bud growth [89].
wo models for cell migration in forming buds have been proposed:

1) movement, perhaps even long distances, along the mammary
ine, and (2) centripetal, but short-distance, migration from all
irections toward the bud [3]. BrdU pulse-chase experiments sup-
ort the second model [89]. Regardless which model turns out to
elopmental Biology 25–26 (2014) 11–21 17

be correct, one interpretation of the current data is that mammary
placode and bud morphogenesis is a continuum of a single cellular
process mainly driven by migration. However, 3-dimensional (3D)
live imaging will be necessary to confirm the involvement of cell
migration in mammary placode and bud formation.

Modulation of cell–cell and cell–extracellular matrix interac-
tions (ECM) also play important roles in ectodermal appendage
morphogenesis. In hair follicles, E-cadherin levels decrease and
in particular P-cadherin levels increase already at early stages
of placode formation indicating alterations in adherens junctions
[86,114]. Modification of adhesion molecules is generally regarded
as a prerequisite for epithelial cells to become motile. An intrigu-
ing possibility is that the change in E-cadherin/P-cadherin balance
serves that purpose in hair placode morphogenesis. However,
downmodulation of E-cadherin plays a role at least during bud-
ding morphogenesis. In secondary and tertiary follicles, noggin and
Tgf�2 support bud formation by downregulating E-cadherin via
Lef1 and Snail, respectively [94,106], and transgenic overexpress-
ion of E-cadherin suppresses hair follicle formation [94].

Integrin mediated cell–ECM interactions have been analyzed in
hair follicles and teeth. The predominant epidermal integrins are
�3�1 and �6�4, both of which bind laminin-511 which is abun-
dant in the hair follicle and tooth basement membrane. Epithelial
deletion of integrin �1 leads to severe defects in basement mem-
brane organization, reduced epithelial proliferation, and failure in
hair follicle invagination [115,116]. Mice null for the �5 subunit
of laminin-511 show reduced epithelial proliferation and arrested
hair follicle development at the bud stage [117,118], further high-
lighting the importance of the basement membrane in budding
morphogenesis. In developing teeth, loss of the �5 subunit does
not completely stall tooth morphogenesis, but gives rise to smaller
tooth buds, possibly due to reduced epithelial cell proliferation
[119].

5. Mesenchymal morphogenesis

5.1. Molecular regulation of mesenchymal condensate formation

The appearance of the mesenchymal condensate somewhat
varies in developing ectodermal appendages being evident at a
very early stage of placode formation in hair follicles, somewhat
later in teeth, and only at the bud stage in mammary glands.
Compared to the wealth of genetic information on early epithelial
morphogenesis, knowledge on the molecular regulation underly-
ing mesenchymal condensate formation is very rudimentary but at
least one common theme is emerging: involvement of the Fgf fam-
ily. In addition, some organ specific pathways have been uncovered.

Recent identification of Wnt/�-catenin and Edar pathway tar-
get, Fgf20, provides great insight into the formation of hair follicle
dermal condensates (DCs) [86]. Fgf20 is expressed in the epithe-
lium of all hair follicle types and in primary hair placodes already at
E13.5, prior to detectable DC markers. Its deletion results in absent
primary and reduced numbers of secondary DCs. Tertiary DCs do
form though, indicating the presence of a compensatory pathway
in this hair follicle type. None of the classical markers of DC/DP
are expressed in primary DCs and no evidence of a morpholog-
ical DC could be detected in the absence of Fgf20 [86]. Primary
hair placodes do form in a relatively regular pattern in Fgf20 null
embryos. This evidence clearly states that the DC inductive sig-
nal originates in the epidermis. Further, it shows for the first time
that mesenchymal and epidermal morphogenesis and patterning

can be uncoupled at the early stages of hair development [86]. In
embryos with stabilized epithelial �-catenin, the entire upper der-
mis  appears condensed and expresses DC markers [38,39]; deletion
of Fgf20 in this background does not preclude precocious placode
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nduction but completely abolishes DC marker expression [86].
hus, Fgf20 is necessary for DC induction but whether it is also
ufficient is not yet known.

Fgf signaling activity also contributes to DC formation in chick.
he spontaneous mutant, scaleless, lacks dermal condensates and
ltimately scales and feathers in certain genetic backgrounds.
ecently, the mutation was mapped to the FGF20 locus [120].
hese animals also exhibit absence of placodes although some
pithelial genes show a low level of focal, but transient, expression
121,122]. The severity of the scaleless phenotype depends on
he genetic background, but the most affected cases seem to
ndicate a broader function for FGF20 in feathers than in hair
ollicles.

Loss of Fgf20 has no obvious effect on early tooth morphogen-
sis [123]. However, the Fgf pathway has also been implicated in
esenchymal condensation in developing teeth. An experiment in
hich dental epithelium was placed atop a monolayer of E10.5
A1 mesenchymal cells was used to test the capacity of epithe-

ia of different stages to induce mesenchymal condensation [10].
ranscriptional profiling identified five signaling molecules, Bmp4,
xcl12,  Fgf8, Shh, and Wnt5A,  whose temporal expression pattern
orrelated well with the condensate-inducing ability. Of the five
andidate proteins only Fgf8 was able to attract mesenchymal cells
n vitro [10]. However, the endogenous Fgf involved has not been
onfirmed by genetic means. Several Fgfs (including Fgf9, -15, -
7, and -20) [124,125] are expressed in the dental epithelium at
11.5 and may  have overlapping functions with Fgf8. Fgf8 has been
onditionally inactivated in BA1 epithelium, but at an earlier stage
sing Nestin-Cre, which results in loss of expression by E9.0 and
xtensive mesenchymal cell death indicating a role for Fgf8 in cell
urvival as well [126].

Currently, the molecule(s) that induce condensation of the
ammary gland mesenchyme is not known, and so far there are

o data to support or exclude Fgf participation. Instead, there
s evidence for involvement of the �-catenin and parathyroid
ormone-related protein (PTHrP) pathways. PTHrP is expressed

n the epithelium while its receptor, Pthr1, is expressed broadly
n the mesenchyme [127]. If either of these genes is ablated,

esenchymal compaction is compromised and mammary devel-
pment stops after this initial condensation, and the mesenchyme
n turn fails to maintain the mammary-specific epithelial gene
xpression profile [45,127]. Inactivation (albeit mosaic) of mes-
nchymal �-catenin after placode stage using Dermo1-Cre results
n a PTHrP-mutant like phenotype with fewer layers of condensed

esenchymal cells [45]. This was proposed to be the result of
educed cell proliferation; however, it remains unclear whether
esenchymal condensation per se was affected or if the phenotype
as due to fewer cells being available for condensate formation. In

oth �-catenin and PTHrP mutants, expression of several mark-
rs of condensed mesenchyme including androgen receptor and
enascin C is lost [45,127]. Ultimately, Wnt  and PTHrP pathways
ere shown to interact: mesenchymal Wnt  activation was  shown

o fully depend on PTHrP signaling thereby explaining the simi-
arities of the phenotypes [45]. Although the mechanism whereby
THrP enables mesenchymal Wnt  signaling is not understood, the
bility of PTHrP to upregulate the expression of Rspo1 provides one
ossible link [45].

It is not yet clear whether this function of mesenchymal �-
atenin is conserved in other ectodermal appendages. In developing
eeth, inactivation of mesenchymal �-catenin also abolishes the
xpression of certain mesenchymal genes, yet neither l-o-f or g-o-f
odels generated so far implicate a role for �-catenin in con-
ensation of the dental mesenchyme [46,47]. In the skin, En1-Cre
ediated deletion of dermal �-catenin leads to loss of all signs

f hair formation including DC, yet forced activation of dermal
-catenin fails to program the upper dermis into DC fate [42].
elopmental Biology 25–26 (2014) 11–21

Deletion of �-catenin in the forming primary DCs via Tbx18-Cre
results in downregulation of several DC markers, arrest in follicu-
lar morphogenesis, and apparent loss of DC [48] indicating a role
in DC maintenance. However, interpretation of dermal �-catenin
l-o-f models is challenging as some manipulations may  lead to
premature deletion which may  impede survival and/or specifica-
tion of the dermis known to depend on canonical Wnt  signaling
[128], or too late deletion which may  not be efficient enough to
ensure complete inactivation at the time of DC formation (see also
Section 4.1.1).

Studies in hair follicles have indicated that distinct pathways
may  regulate the formation and maintenance/maturation of the
mesenchymal condensate. Deletion of platelet-derived growth
factor-A (Pdgf-A), expressed throughout the epithelium, results in
smaller DPs [129]. However, the DP-phenotype may  not be spe-
cific, but secondary to generalized dermal hypoplasia caused by
reduced dermal proliferation in the absence of Pdgf-A [129]. Addi-
tionally, absence of Shh leads to smaller DCs that do not mature
to DP [81,82,129]. Dermal knockout of the Shh effector Smo ulti-
mately results in disintegration of the DC and eventual arrest of
hair follicle development confirming that Shh acts directly on DC
cells [113]. Smo  activation seems to feed back to the epithelium by
upregulating noggin [113].

5.2. Cellular mechanisms associated with mesenchymal
condensate formation

The mesenchymal condensates not only differ in the timing
of their induction with respect to epithelial morphogenesis, but
also in their proliferative status. While the hair follicle-associated
condensate is famous for showing little proliferative activity,
mammary, and in particular, tooth mesenchymal cells are highly
mitotic [10,89,107,130]. This, however, does not necessarily indi-
cate that the cellular mechanisms driving their aggregation need
to be distinct. In teeth, the mitotic indices of the condensing
cells adjacent to the tooth germ and the more distally located
non-condensing cells are similar from E10.5 to E13.5 [10]. There
is no significant difference in BrdU incorporation of mammary
and nearby dermal mesenchymal cells prior to (E11.75) or at the
onset (E12.5) of condensation either [89]. The hair condensate
expresses cyclin-dependent kinase inhibitor p21 from early stages
and appears mitotically inert as soon as it is morphologically dis-
cernible [86,107]. These data suggest that local variations in cell
proliferation are unlikely to drive mesenchymal condensation in
these three organs. However, it has also been proposed that hair
follicle DC cells gain quiescence only after condensation and that
proliferation is in fact essential for DC formation [12]. An attrac-
tive alternative mechanism for proliferation is chemotaxis toward a
placode-produced cue. Additionally, enhanced chemokinesis com-
bined with local changes in adherence to substratum could result in
condensate formation. An interesting related question is whether
condensation occurs first and functional differentiation of the mes-
enchyme second, or vice versa.

The evidence available so far points to the involvement of
directed cell migration in compaction of the tooth mesenchyme.
E10.5–E11.5 dental epithelium overlaid on E10.5 BA1 mesenchymal
cells was  shown to promote chemokinesis. Additional experi-
ments showed that these epithelia attract distant cells to the
epithelial–mesenchymal interface but also repulse the nearby cells
[10]. Fgf8 and semaphorin-3f (Sema3f), also produced by the dental
epithelium, were identified as the stimulatory and repulsive migra-
tory factors, respectively. These opposing cues were proposed to

account for the relatively sharp border between condensed and
non-condensed mesenchyme in vivo [10].

Condensation of dental mesenchymal cells is associated also
with reduction in cell volume [10]. In a series of in vitro experiments
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t was shown that a mere decrease in cell size as a result of
ncreased cellular density substantially augments the expression of
everal dental mesenchymal markers including Bmp4. The authors
roposed that Fgf8 and Sema3f manifest their pattern-generating
ctions mechanically rather than chemically, and that altered
echanotransduction leads to functional differentiation of the den-

al mesenchyme [10]. The relative contribution of epithelial signals
uch as Wnts, Shh, and Bmp4, as well as that of tissue mechanics
n generation of the tooth specific mesenchyme are areas of future
esearch.

The cellular mechanisms associated with hair follicle DC forma-
ion have not been identified, and the downstream effects exerted
y Fgf20 are unknown. In vitro studies in chick have examined the
ffects of other Fgf family members on mesenchymal cell behav-
or. Fgf4, expressed in the feather placode in vivo, has been shown
o act through p-ERK as a chemoattractant for mesenchymal cells
oth in vitro and ex vivo [131]. Both in mouse and chick skin, p-ERK
ctivity localizes to the DC during early hair/feather morphogenesis
86,131]. Also Fgf2 has been implicated to form dermal condensates
hrough cellular migration [132]. Fgf2 is normally expressed in the
eather placodes but is absent in scaleless skin. Ectopically applied
gf2 locally rescues feather formation in scaleless embryonic skin
xplants [133]. Collectively, these findings hint to a role for Fgf20
n mesenchymal cell motility.

. Concluding remarks

In this review, we aimed to summarize the current knowledge
n the signaling cascades regulating early ectodermal appendage
evelopment. Although we focused on the ‘major’ pathways, new
ata on less studied signals such as semaphorins and chemokines
10,134] indicate that the puzzle is not yet complete. It is also
vident that mesenchymal events are less well understood, in par-
icular in the mammary gland. This is in part due to the paucity of
uitable tools for conditional gene inactivation.

Our understanding of the cellular mechanisms driving ectoder-
al  appendage morphogenesis is still in its infancy. However, the

ecent advances in live imaging techniques that allow time-lapse
onitoring of developing embryonic tissues in 3D will provide

ovel tools to address these important questions. Data available so
ar seem to indicate that similar mechanisms account for placode

orphogenesis and diverge for bud formation in different ecto-
ermal appendages, but additional studies are needed to confirm
hese conclusions. Further, there is an additional level of com-
lexity that we did not discuss earlier: not all placode cells are
qual as placodes consist of both basal and suprabasal cells, a fact
hat may  have a profound effect on their behavior and later fate
135].

Interestingly, other examples of cellular heterogeneity exist.
wo molecularly distinct cell populations are found within tooth
lacodes: the signaling center cells (Foxi3+, Shh+ cells), located in
he lingual aspect of the thickened molar epithelium, and the sur-
ounding placodal cells (Foxi3+, Shh− cells) [5,8] (Fig. 1). Although
irect comparisons are difficult, it seems that the expression of
any signaling molecules is restricted to the signaling center [5–8].

n the mammary placodes, published expression patterns do not
uggest the presence of a signaling center similar to that observed
n dental placodes, perhaps reflecting the differences in budding

orphogenesis. In primary hair placodes, some markers (e.g. Shh)
re expressed more centrally and in fewer cells than others (e.g.
kk4) [136]. Lineage tracing has shown that Shh+ cells give rise to

ll follicular cells, but not to interfollicular epidermal cells [137].
s far as we know, no lineage tracing data exist for any of the more
roadly expressed placode markers. Future studies are needed to
eveal how the cellular heterogeneity is established in ectodermal
elopmental Biology 25–26 (2014) 11–21 19

appendage placodes and whether this has any functional conse-
quences.
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