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Summary

To understand the role Fgf signalling in skin and hair
follicle development, we analysed the phenotype of mice
deficient for Fgfr2-1llb and its main ligand Fgfl0. These
studies showed that the severe epidermal hypoplasia found
in mice null for Fgfr2-Illb is caused by a lack of the basal

nude mice, grafts of Fgfr2-1llb—"- skin showed impaired
hair formation, with a decrease in hair density and the
production of abnormal pelage hairs. Expression otefl,
Shh and Bmp4 in the developing hair follicles of Fgfr2-
Illb =~ mice was similar to wild type. These results suggest

that Fgf signalling positively regulates the number of
keratinocytes needed to form a normal stratified epidermis
and to initiate hair placode formation. In addition, Fgf
signals are required for the growth and patterning of pelage
hairs.

cell proliferation that normally results in a stratified
epidermis. Although at term the epidermis of Fgfr2-llib
null mice is only two to three cells thick, it expresses
the classical markers of epidermal differentiation and
establishes a functional barrier. Mice deficient for Fgf10
display a similar but less severe epidermal hypoplasia. By
contrast, Fgfr2-1llb ==, but not Fgf10~~, mice produced
significantly fewer hair follicles, and their follicles were
developmentally retarded. Following transplantation onto
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Introduction on different cell lineages. Fgfr2-Ilb is located on the epithelia

The integument of the early mouse embryo comprises a sin ectoo_lermal and endodermal organs, and is activated by four
ectodermal cell layer. Subsequent reciprocal signallingnoWn ligands, Fgfl, Fgf3, Fgf7 and Fgfl0. The latter two Fgfs
between the ectoderm and the underlying mesenchyme resuf¢ expressed predominantly in mesenchyme adjacent to
in the formation of the epidermis and dermis, respectivelPithelia expressing Fgfr2-lllb (Peters et al., 1992 Orr-
(reviewed by Fuchs, 1993; Watt, 2001). In addition, mor rtrgger et al., 1993; Mason_ et al., 1994; Finch et al., 1995;
localised inductive signals, thought to initiate in the©Ornitz etal,, 1996; Yamasaki et al,, 1996). To understand the
mesenchyme, result in the formation of the vibrissae anffinction of Fgf signalling in epidermal and hair follicle
pelage hair follicles. In females, induction and development dfevelopment, we have examined in detail the phenotype of
mammary glands also occurs in a similar fashion. A numbepice deficient for Fgf10 or Fgfr2-lib. . N

of molecules have been implicated in the growth and The generation and characterisation of mice deficient for
differentiation of skin and its appendages. There iggfr2-lllb or FgflOhas been described previously (Revest et
considerable evidence from gene targeting studies thal., 2001; Min et al., 1998). The Fgfr2-lilb isoform-specific
signalling by fibroblast growth factors (Fgfs) plays importanthull mice were generated by placing translational termination
roles (Hebert et al., 1994; Celli et al., 1998; De Moerlooze egodons in three reading frames within exon llib, followed by
al., 2000; Ohuchi et al., 2000; Suzuki et al., 2000; Li et al.an IRES-lacZcassette. These changes result in a truncated

2001; Revest et al., 2001). form of Fgfr2-111b that lacks part of the ligand-binding domain,
Fgfs are a large family of intercellular signalling moleculesand the entire transmembrane and tyrosine kinase domains.
that mediate their biological responses by binding andExpression of the alternatively spliced isoform Fgfr2-llic
activating high affinity cell surface receptors (Fgfr) (reviewedremains intact. Previous studies have shown that Fgfr2-1llb is
by Johnson and Williams, 1993; Ornitz et al., 1996; McKeehahighly expressed in the basal keratinocyte layer (Revest et al.,
et al., 1998). There are four genes that encode Fgf recept@@01; Mailleux et al., 2002). By contrast, Fgf7 and Fgf10, the
with intrinsic tyrosine kinase activity (Fgfrio Fgfr4), but main ligands for this receptor, are expressed in the dermis,
additional complexity is achieved by alternative splicing. Fgfr2consistent with a role in mesenchymal-epithelial signalling
can encode two receptor isoforms, Fgfr2-1llb and Fgfr2-llic,during skin development (Mason et al., 1994; Beer et al., 1997,
that have different Fgf-binding specificities and are expressedailleux et al., 2002). However, to date, the functional role of
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development is not well understood. The percentage of BrdU-positive cells in the basal layer of the
We show that mice null for Fgfr2-lllb have a severeinterfollicular epidermis was determined by counting three

epidermal hypoplasia resulting from a loss of keratinocytenicroscopic fields on two slides from at least three different embryos

proliferative capacity. Despite the extremely thin suprabasdt each stage of development for both wild-type Bgé2-Illb="-

layer, epidermal differentiation and establishment of barrieflice. The thickness of the epidermis was determined by measuring

function appears to proceed normally. Mice deficient for Fgf1('® 'ength and area on the same slides using NIH Image 1.61. The

P e number of hair follicles per unit length of epidermis, together with
show a similar but less severe phenotypgir2-llib " mice their morphological stage, was determined on the basis of defined
als_o show a reduce_d and abn_ormal c_{evelopment_ of h orphological criteria using Haematoxylin and Eosin stained wax
follicles, a de_fect that is not recapltulated in the Fgfidice. _ sections of E17.5 embryos (Hardy, 1992; Paus et al., 1999). Every
Transplantation of Fgfr2-1i~skin also reveals abnormal hair tenth section from each specimen was analysed, thus ensuring that the
type formation. A model to explain these finding is presentedmicroscopic field contained new hair follicles. Five to 20 longitudinal

sections per embryo were taken from the same anatomical site and

analysed: five Fgfr2-1ll~ embryos were compared with eight wild-
Materials and methods type littermates; Fgf1@ild type n=4,Fgf10’-n=4. All sections were
. . . analysed at 100magnification, means and s.e.m. were calculated
Mouse strains and tissue collection from pooled data. Differences were judged significant if P<0.05, as
Fgfr2-1llb== mice have been previously described (Revest et algetermined by Student's t-test.
2001). Fgf107~ mice have been previously described (Min et al.,
1998) and were kindly provided by D. Ornitz (Washington UniversitySkin permeability assay
Medical School, St Louis, MO). Pregnant mice obtained by timedtmbryos were dissected, incubated for 1-5 minutes in methanol,
matings were injected intraperitoneally with 5 mg ofBEomo-  rinsed in PBS, and then incubated for 2 hours in 0.1% Toluidine Blue.
deoxyuridine (BrdU) per 20g mouse. Embryos were harvested 2 hougsmbryos were rinsed in PBS and photographed (Hardman et al.,
later at the desired stages of development and genotyped by PGBog).
using genomic DNA isolated from yolk sac. Back skin was dissected
and either frozen in OCT compound (Sigma, UK) for cryostat sectionSkin grafts
(10 pm), or fixed in 4% paraformaldehyde in PBS overnight at 4°C;to perform skin grafts, a full-thickness skin disc (6 mm) was excised
dehydrated and embedded in wax for cutting & jsections. from male nude mice. A similar biopsy punch from the back skin of
Alternatively, whole embryOS were fixed in 95% ethanol/1% aCEtl(ElSS knockout and W||d_type littermate embryos was app“ed onto
acid overnight at 4°C and embedded in wax for saggital sections. the recipient fascia. Steri-strips, circular plasters and gauze bandages
Histol in situ hvbridisati d (Southern Syringe Service, London, UK) were applied to secure the
Histology, In situ hybridisation an grafts in place. Dressings were removed after 7 days. Grafts were
immunohistochemistry _ _ excised and bisected along the anterioposterior axis 21 days after
Histology and in situ hybrldlsatlon were carried out using standar@rafting. Half of each graft was fixed in 4% paraformaldehyde
procedures and as previously described (Revest et al., 2001). Prolf&rnight and processed for histological examination as above. Hairs

lzlggg)were Bmp4, Skind Lefl(Revest et al., 2001; Mailleux et al., were plucked from the other half of the graft for microscopic analysis.

Wax sections of back skin were dewaxed in xylene, rehydrated
through graded alcohols, and used for detection of loricrin (BabcdResults
USA) or Ki67 (Novocastra, USA). Sections were boiled twice for 10, . . . . -
minutes in 0.01 M citrate buffer (pH 6) then blocked with swine seru m?gwﬁl% skin development in mice deficient for
(2:25). All dilutions were in PBS. Anti-loricrin (1:250) or anti-Ki67 gire- ] ) )
(1:200) was applied for 40 minutes at room temperature. AEgfr2-llb=—mice do not survive beyond birth. However, at term

biotinylated swine anti-rabbit antibody (DAKO, UK) was applied the skin of these mice is clearly abnormal with a semi-transparent
(1_:500) for 40 minutes, followed by_ streptavidin-peroxidase for 40appearance (Revest et al., 2001). From E13.5 onwards, the
minutes (1:500). A DAB substrate kit (Vector Labs, USA) was usectoderm of wild-type mice expands into an epidermis consisting

for detection. _ _ of several distinct layers of differentiated cells. By contrast,
Saggital wax sections of embryos were dewaxed in xerneF

rehydrated through graded alcohols, and used for co-detection lgfrZ-IIIb‘/‘ foetuses show an absence of proper epidermal
BrdU and keratin 14 (K14). Sections were hydrolysed for 8 minute§ ratification and produce an epidermis of only one to three cells

in 1M HCI at 60°C, then blocked with goat serum (1:25). Anti-Brdu " depth (Fig. 1A-F). In_ addltlor}, the basall cells are flatter and Ies_s
(Abcam, USA) and anti-K14 (BabCO, USA) antibodies were appliedi®nsely packed than in the wild-type epidermis. Image analysis
(1:1000) for 35 minutes at room temperature. A peroxidaseOnN multiple skin sections shows that the epidermis of E14.5 to
conjugated goat anti-rat antibody (BrdU) (1:200) and an alkalind=18.5Fgfr2-11lb—-mice is consistently 2.5 to 3.5 times thinner
phosphatase-conjugated goat anti-rabbit antibody (K14) (1:25) wetthan that of wild-type littermates (Fig. 1H). These findings are
co-incubated for 35 minutes. A DAB substrate kit (Vector Labs, USAconsistent with previous observations of the epidermis of mice
was used for detection of BrdU and an alkaline phosphatase kjfith compromised Fgfr2-llib function (Celli et al., 1998; De
(Vector Labs, USA) was used for detection of K14. _ Moerlooze et al., 2000; Li et al., 2001; Revest et al., 2001). To
o Eglr d'gg‘;gﬁg‘;%rgsbclggﬁga ﬂiytﬂsgeggfgzrﬁr?fgg)d Lor:‘ti%lgeglt?#tf vestigate the mechanisms that underlie the failure of skin
s tratification, we assessed the number of proliferating and

(Chemicon, UK)(1:500), anti-K14 and anti-nidogen (Chemicon, UK) - - . . . .
(1:500) antibodies were co-incubated for an hour followed by go poptotic cells. Cell proliferation was quantified on skin sections

anti-lgG1-TRITC (K10) and goat anti-rabbit-FITC with goat anti-rat- TOM embryos at several stages of development by injecting
TRITC (K14 and nidogen, respectively) (1:100). Cell nuclei werePregnant females with BrdU 2 hours prior to sacrifice, and
labelled by using Hoechst stain (1:500) with the secondarpubsequently immunostaining for BrdU incorporation (Fig. 1A-
antibodies. F). To facilitate identification of the basal keratinocytes, the
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sections were also immunostained for K14. A significantnice from E14.5 to E16.5, a period that normally correlates with
reduction in the number of BrdU-positive cells was observed ithe development of stratification (Fig. 1A-D,G, and data not

the basal layer of the interfollicular epidermis of Fgfr2-ttb
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shown). At E18.5, the difference in the number of proliferating

keratinocytes was no longer significant (Fig. 1E-G).
There was no significant change in the amount of
proliferation observed in the underlying dermis. To
check whether the reduced thicknessFgfr2-1llb=-
mouse skin was exacerbated by an increase in
apoptosis, we also analysed sections using an in situ
oligo-ligation labelling assay. No significant changes in
apoptotic cell numbers were detected in Fgfr2=ltib
mice compared with their wild-type littermates (data
not shown).

A major ligand of Fgfr2-lllb is Fgf10, and mice
deficient for this ligand show many of the phenotypic
abnormalities associated with Fgfr2-ittb mice
(Ohuchi et al., 2000). The epidermiskff107-mice
is thinner than that of wild-type mice, but the
hypoplasia is relatively mild, resulting in a
significantly thicker epidermis than that seen in
Fgfr2-llIb="- mice (Fig. 2).

Fig. 1. The skin of Fgfr2-lllb’-mice is hypoplastic and
shows a reduction in cell proliferation. (A,C,E) Wild-type
embryos. (B,D,F) Fgfr2-lllb-embryos. (A-F) Co-
immunostaining for BrdU (brown) and K14 (red) on
embryonic saggital sections through the back skin at E14.5
(A,B), E16.5 (C,D) and E18.5 (E,F), showing that the
epidermis of the Fgfr2-l1Ild-mice is severely hypoplastic.
The arrows indicate hair placodes or follicles.

(G) Quantitation of BrdU-positive cells in the basal layer
of different embryo stages (bars indicate standard errors);
cell proliferation is significantly decreased in the basal
layer keratinocytes of Fgfr2-11th-embryos. (H) The
interfollicular epidermis of wild-type skin is significantly
thicker than that of Fgfr2-11I5-littermates at all stages
examined. dm, dermis; ep, epidermis. Scale bam5

Fgf10™”

Fig. 2. Detection of differentiation
markers in the epidermis of Fgfr2-
Illb—, Fgf107—and control mice
at E17.5. A,D,G and B,E,H are
dorsal skin sections from control
and Fgfr2-1llo~ littermate
embryos, respectively. C,F,l are
dorsal skin sections from Fgf40
mice. (A-C) Immunostaining for
K14 (green) and K10 (red).

(D-F) Immunostaining for nidogen
(red) and K14 (green). (G-I) Skin
sections were stained for loricrin
(brown). Although the epidermis
was much thinner in Fgfr2-11H5-
embryos compared with wild-type
littermates and Fgfté-embryos,
the markers of epidermal
differentiation were present. Scale
bar: 10 pm.
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To characterise the degree of epidermal differentiation ilevelopment (Fig. 3). Normal mouse embryos become
both Fgfr2-1llb~/- and Fgf107~mice, the presence of proteins impermeable to the vital dye by E18.5. Despite a severely
expressed in different layers of the stratified epidermis walsypoplastic epidermis, the Fgfr2-Ith mouse embryos
determined by immunostaining. Nidogen was used to visualisestablished an effective barrier, as judged by dye exclusion. As
the basement membrane (Fig. 2D-F), K14 as a marker of traticipated, the less affected FgftOmouse embryos also
basal layer of keratinocytes (Fig. 2A-F), K10 for the spinougstablished a barrier. Moreover, the spatial/temporal pattern for
layer (Fig. 2A-C), and loricrin for the granular and cornifiedestablishing the impermeable barrier was maintained (Fig. 3
layers (Fig. 2G-l). The results show that these differentiationand data not shown).
specific proteins were all expressed in the hypoplastic . ]
epidermis of both strains of mutant mice, demonstrating thadair follicle development in Fgfr2-lllb =~ and Fgf10 7~
there is little effect on the programme of epidermalMmice
differentiation. Hair follicles develop from placodes that appear as a dense

A major function of the epidermis is to form an effective patch of mesenchymal cells beneath a shallow invagination of
barrier against water loss and invasion by foreign bodies su@pidermis (arrows in Fig. 1A-F). To obtain an initial measure
as microorganisms. The barrier function is normally conferredf hair follicle distribution over the body of the embryo, we
by the stratum corneum, the terminally differentiated outeused whole-mount in situ hybridisation with a probe to the
layer of epidermis. Although the epidermis gfr2-lllb~'~  transcription factor Lefl, which is strongly expressed in the
mice expresses loricrin, a marker of terminal differentiationhair follicle placode. Similar results were obtained by staining
we also tested for acquisition of a functional barrier. As avhole embryos with Carmine Red, indicating tHasfl
measure of epidermal barrier function, a vital-dye exclusiomxpression was not affected by Fgfr2-Illb abrogation, and was
assay was performed on foetuses at different stages tiferefore a suitable marker of hair placode and follicle
development. At E13.5 and E14.5, induction of both vibrissal
and pelage hair follicles was clearly visible on control
embryos. By contrast, no pelage hair follicles were discernible
on the surface of knockout embryos, although vibrissal
follicles were present at both E13.5 and E14.5 (Fig. 4 and data
not shown). However, the pattern of vibrissae on the muzzle
was altered, with only three rows of vibrissae rather than the
normal five. In addition, there were fewer vibrissae per row
(Fig. 4C,D). The vibrissae located above the eye and on the
cheek were present on Fgfr2-ifb embryos, but the follicle
normally located just below the eye was not (black arrow Fig.
4C). Rather, there was an ectopic vibrissa on the side of the
eye on Fgfr2-1llb’- embryos (Fig. 4D, arrow).

During early skin development, Laglexpressed throughout
the ectoderm, as well as in the developing pelage hair placodes

Fig. 3. Assessment of skin barrier function. (A) Fgfr2-Htb (Fig. 4A, '.:Ig' SA,B). At later stages of foetal developgnent,
embryos paired with wild-type littermates. (B) Fgft@mbryos pelage hair placodes form on the dorsum ofRgé2-1lib=~
paired with wild-type littermates. Dye exclusion shows that the foetus, but in reduced numbers. In situ hybridisation analyses
impermeable barrier is established normally in the mutant mice. Paitising probes for Lefl, Skemd Bmp4showed that these genes
wise comparisons were photographed at the same magnification. are expressed in the hair follicles of Fgfr2-tftbmice in a
similar pattern to those in wild-type mice (Fig. 5).
Lefl expression was found initially in the placode,
and then in the matrix and dermal papilla of the hair
follicle, as previously described (Zhou et al., 1995;
DasGupta and Fuchs, 1999) (Fig. 5A-D§hh
expression appeared in the hair follicle germ and,
subsequently, in the hair matrix (Fig. 5E-H), whereas
Bmp4 was expressed in the dermal mesenchyme
(Fig. 5I-L). These observations indicate that pelage

Fig. 4.Hair follicle induction as revealed by whole-

mount in situ hibridisation focefl. Wild-type (A,C) and
Fgfr2-1llb—"- (B,D) littermate E14.5 embryos. No pelage
hair placodes and a reduced number of vibrissae were
visible on the skin oFgfr2-1llb~~embryos. By contrast,
wild-type embryos show both vibrissae and pelage hair
placodes on the muzzle and body, respectively. Black
arrows indicate the vibrissa located below the eye in
wild-type embryos that is lost in the mutant embryos, and
an ectopic vibrissa in Fgfr2-11t- littermate embryos.




hair follicles show delayed induction and are reduced -
number, but morphogenesis appears to be relatively normg
these early stages.

To obtain a more quantitative and temporal analysis of h
follicle development in Fgfr2-lllb- and Fgf16~ mice, the
first wave of hair follicles in wild-type and mutant littermate
was counted and staged at E17.5. The analysis was restr

to the same anatomical area of dorsal skin for all grot

analysedFgfr2-1llb—"-mice (n=5) showed a highly significan
decrease in the density of hair follicles compared with contr
(Fig. 6A), whereas Fgft6 mice showed a smaller decreas
that was not statistically significant (Fig. 6B) (Ohuchi et a

2000). In addition to hair follicle density, the number ¢

follicles at different stages of maturity was assessed us
previously described morphological criteria (Hardy, 199

Paus et al., 1999) (Fig. 6C-L). It was apparent from ti 8

analysis that not only was the number of hair folliclefgfm2-
llIb—- embryos significantly reduced, but their developme
was also retarded, consistent with a delay.efil expression

(Fig. 4, Fig. 6C). Although approximately 10% of the ha .}

follicles on wild-type embryos had reached stage 4
morphogenesis, no follicles of this stage were found in secti

from Fgfr2-lllb—- embryos. The great majority of follicles or 7

the mutant skin were at stages 1 or 2. Interestingly, althol

the follicles are delayed in their maturation and are reducet ”_

number, they appear to contain a similar number
proliferating cells (Fig. 6E-K). In addition, some hair follicle
in the mutant mice showed an abnormal appearance (Fig. !
By contrast, Fgfl@~ mice did not show any discernible
difference in the density or staging of the pelage hair follicl
compared with wild-type littermates (Fig. 6D).

Hair development in skin grafts of Fgfr2-lllb  ~~ mice

As Fgfr2-1llb=- mice do not survive beyond birth, it was nc
possible to determine whether hair follicle development w
only delayed or whether it was also abnormal. To address
issue, full-thickness skin grafts from E1&§fr2-1llb~/- (n=4)

and wild-type littermates (n=10) were transplanted onto 1 :

backs of nude mice, and hair development assessed 3 w
after grafting. Fgfr2-1llb’- grafts displayed a reduced numbe
of hair follicles, as expected, but histological examination

Fgfr2-11lb in skin and hair development 5497

Control

FgfR2-llIb~

longitudinal sections showed that the follicles had lost th o

regular pattern of alignment (Fig. 7A-D). This lack c
organised orientation was also detectable on early hair follic

at E18.5 (Fig. 6K,L). In addition, many hair follicles failed t 1’2_' G,

penetrate the subcutis, and some appeared somewhat cys
nature. However, at higher magnification the thickness of
interfollicular epidermis was similar to that of wild type, &
1 to 2 um (Fig. 7A,B, insert). However, this represents
reduction in thickness of the normal wild-type epidermis ratr
than an increase in thickness of the mutant epidermis. The |
of proliferation was similar in the epidermis and hair follicle
of both wild-type and mutant grafts, as shown by Kit
immunostaining (Fig. 7C,D and data not shown). A topic
view of Fgfr2-1llb~- grafts clearly showed that the hair wa
more sparsely distributed as expected, but additionally, the |
shafts appeared to be finer (Fig. 7E,F). Light microsca
confirmed that the hair shafts were thin, and, moreover, gui
auchene, zig-zag and awl hairs were absent on the knocl
grafts, whereas they were present on all wild-type grafts (F
7G,H). Morphologically, the hairs fronfgfr2-1llb=- mice

Fig. 5. Lefl, Shland BmpZxpression in the developing hair
follicles. In situ hybridisation analysis of tissue sections. Panels
A,C,E,G,|,K are wild-type and B,D,F,H,J,L afgfr2-1llb—"-

littermate embryos. (A,B) At E13.5, Lefl is expressed throughout
the ectoderm and forming hair placodes. (C,D) Lefl expression at
E19.5 in the matrix and dermal papilla of mature hair follicles.
(E,F) Shhexpression at E13.5. (G,H) At E17Shhis expressed in
the hair matrix. At E16.5 (1,J) and at E19.5 (K,L), Bnigp4
expressed in the dermal mesenchyme and hair matrix. The silver
grains in the dark-field images were selected, coloured red with
Adobe Photoshop 5.0, then superimposed onto bright-field images.
Scale bars: 100m.
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Control showed no significant decrease.
(C,D) Percentage of hair follicles at distinct
stages of morphogenesis. Morphogenesis is
retarded irFgfr2-1llb—"-embryos compared
with wild-type littermates (P<0.0005 for all
points), whereas Fgftt embryos do not
show this difference (R&03 for all points).
Because of slight strain differences, each
knockout strain was compared with
= littermate controls. (E-L) Immunostaining
FngQ-l]lb- - for BrdU (brown) and K14 (red) through the

back skin of E18.5 embryos. (E-H) Control
and (I-L) Fgfr2-lllb~-hair

‘ placodes/follicles at stage 1 (E,l), 2 (F,J), 3
- - . (G,K) and 4(H). L shows an abnormal

- - (stage 3) hair follicle. Scale bar: B

were much finer than normal pelage hairs, and lacked aryilding a stratified multi-layered epidermis does not occur.
regular arrangement of air cells. Thus, none of the hairs froffihis might suggest that two levels of proliferation control exist,
Fgfr2-1lIb—"-grafts resembled any of the known types of pelag@ne that is established early and allows normal ectodermal and
hair, suggesting that Fgf signalling is also necessary for normalbsequent basal cell growth, and a second level of control

hair morphogenesis. that facilitates vertical expansion of the epidermis and may
correlate with the appearance of the transit amplifying cells

Discussion (Watp, 2001). Despite the loss of proliferative potential, the
_ o _ _ keratinocytes that form a one- to two-cell layer above the basal
Fgfr2-1llb signalling in the epidermis layer are able to express the proteins of early (K10) and late

Previous studies have shown that normal skin developme(ibricrin) terminal differentiation.

requires Fgf signalling from the dermis to Fgfr2-Illb in the Dermally produced Fgfl0 is a major ligand for epidermal
epidermis (Celli et al., 1998; De Moerlooze et al., 2000; Li eFgfr2-1llb, and mice deficient for Fgf10 also have a hypoplastic
al., 2001; Revest et al., 2001). We have extended these stud@sdermis, albeit much less severe than that seen kgfin2-

to show that the abnormally thin epidermis seen in the absentiéb~— mice (Ohuchi et al., 2000; Suzuki et al., 2000; Tao et
of functional Fgfr2-1llb signalling is caused by a reduction inal., 2002). This suggests that some other members of the Fgf
keratinocyte proliferation. Although the basal layer of K14-family may partially compensate for the loss of Fgf10. The best
positive keratinocytes proliferates at a rate compatible witltandidate would be Fgf7, which is also expressed in the dermis
foetal growth, the increase in proliferation that is required foand signals through Fgfr2-11lb (Werner et al., 1992; Mason et
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Fig. 8. Model depicting the signalling pathways implicated in hair
follicle morphogenesis. (A) Hair placode initiation requires
activation of the Wnt/Ratenin and Eda/Edar signalling pathways.
Loss of Lefl impairs pelage hair formation and is essential for
whisker induction by activating Bmp4. However, noggin has a
negative regulatory effect on Bmp4, which in turn appears to
negatively regulate Lefl expression, although there is some evidence
that Bmp4 can positively regulate Lefl in whisker formation. Shh is
not apparently required for placode induction but rather for
maturation of follicles. Shh may also act positively on Fgf10
expression to maintain follicle growth. In addition, the absence of
Fgfr2-11Ib signalling has a more profound effect on hair follicle
number, and after grafting the follicles generate abnormal hairs
suggesting a late effect on hair morphology. (B) The absence of
Fgf/Fgfr2-11Ib signalling limits the number of epidermal precursor

Fig. 7. Hair development in skin grafts from Fgfr2-fttband wild- cells required for epidermal stratification, forcing proliferation of

type E18.5 embryos three weeks post grafting. A,C,E,G and B,D,F.lha54 keratinocytes to be primarily channelled into lateral expansion.
show skin grafts from wild-type and Fgfr2-ltiblittermate The lack of suprabasal cells, and the reduced proliferation rate in the
embryos, respectively. (A,B) Haematoxylin and Eosin stained mutant epidermis, causes more basal keratinocytes to be directed
longitudinal sections reveal a reduced number of hair follicles, a 10S4qwards maintenance of the epidermis, thereby reducing the number
of follicle alignment and some follicles associated with cysts available for the development of hair follicles.

(arrows) in Fgfr2-lllb’-grafts. Insert shows higher magnification of
the interfollicular epidermis. (C,D) Proliferation in hair follicles
detected by Ki67 immunostaining (brown). (E,F) Grafted skin on thef

back of nude mice. Note the sparse thin hairs growing oRgfie- orming last at E17.5 (Hardman et al., 1998). Despite the lack

lllb—- grafts. (G,H) Light microscopy showing abnormal hair that of significant epidermal stratification, the barrier function in
lacks any regular arrangement of air cells fromR&2-11lb—-graft Fgfr2-llb~"mice is achieved at the same stage as in wild-type
(H). Scale bars: in A,B, 100np; in insert, 1 m; in C,D 5pm. mice (Fig. 3).

Fafr2-1llb signalling in hair follicle development

al., 1994; Werner et al., 1994). Surprisingly, mice deficient foThe analysis of hair follicle development showed that mice
Fof7 show no developmental skin abnormalities, nor anyleficient for Fgfr2-lllb exhibit defects both in the number and
significant delay in wound repair, despite a large increase idistribution of hair follicles (Fig. 6), as well as producing
Fgf7 transcription that is found in normal skin following abnormal hairs (Fig. 7). A reduced number of hair follicles was
wounding (Werner et al., 1992; Werner et al., 1994; Guo et alapparent for both vibrissal and pelage hair. Interestingly, mice
1996). More recently, Fgf22 has been shown to be expressddficient for Fgfl0 do not show a noticeable pelage hair
in the epidermis and hair follicles (Nakatake et al., 2001; Beygshenotype (Suzuki et al., 2000), although some disruption of
et al., 2003). Its strong structural similarity to Fgf7 and FgflOvibrissae similar to in the Fgfr2-1llb nulls has been reported
make it another potential ligand for Fgfr2-1llb that might act(Ohuchi et al., 2003). Following transplantation fegfr2-
redundantly with Fgf7 and/or Fgf10. Illb—=skin onto nude mice, the hairs that grow are abnormally
The apparently normal expression of proteins associatadin and show none of the patterning of air cells characteristic
with keratinocyte terminal differentiation is reflected by theof normal pelage hairs.
attainment of a functional barrier, as measured by dye An early marker of hair placode initiation is expression of
exclusion. The barrier starts to form from E16 at specifithe transcription factor Lefl (Fig. 4). Gene ablation studies
epidermal sites, and then spreads around the embryo ashave shown that Lefl is necessary for the proper development
moving front with the eyelids, ear tips and ventral neck regiomf mammary glands, vibrissae and pelage hairs (van Genderen



5500 Development 130 (22) Research article

et al.,, 1994). Mice lacking this gene showed a reduced hair Taken together, a common theme appears to be emerging,
follicle number (van Genderen et al., 1994). However, thavhere the loss of epidermal stratification and compromised
Fgfr2-1llb—"- phenotype is not the same as that founicgii’~  hair development derive from a common Fgf-mediated
mice, as the latter have no vibrissae and the majority of pelagenction. We would suggest that proliferation of the ectoderm
hairs fail to form. This suggests that Lefl is more likely to playand the subsequent basal cells is maintained at a sufficient rate
a role in hair follicle induction/morphogenesis, whereas Fgfr2to keep pace with the growing embryo, but that the
IlIb is more likely to regulate the numbers of hair placodegproliferation required to allow the build-up of a multi-layered
induced. Several lines of evidence support this view (Fig. 8)stratified epithelium is severely restricted. This implies that
Recent studies have shown that Wnt signalling and ththere may be two pathways regulating cell numbers in the
expression of catenin beta are essential for hair folliclepidermis. One that controls ectoderm and stem cell division
induction (Gat et al., 1998; Huelsken et al., 2001; Andl et al.on the basement membrane and is Fgf/Fgfr2-lllb independent,
2002). This would be consistent with signalling through theand another that is mediated through Fgf/Fgfr2-11lb signalling,
canonical Wnt pathway, where the transduced Wnt signal lea@sid that is important for epidermal stratification and normal
to the nuclear accumulation of Lefl complexed witteenin,  hair follicle development. The suprabasal cells of the epidermis
which forms part of a transcriptional complex. The smallprovide a reservoir to meet the major needs of the developing
number of hair follicles formed in Left mice might reflect epidermis, allowing proliferation of basal keratinocytes to be
the presence of another Lefl family member, such as Tcf3, thahannelled into lateral expansion and the developing hair
could substitute for Lefl; Tcf3 also forms complexes withfollicle placodes. The dearth of suprabasal cells in the mutant
B-catenin (Zhou et al., 1995; Gat et al., 1998; DasGuptaould require more basal cells to contribute to the maintenance
and Fuchs, 1999). There is also evidence to suggest thaft the epidermis, thereby reducing the number available for
mesenchymally expressé&imp4regulates Leflctivity, and lateral expansion (Fig. 8B). This explains the reduction in basal
that noggin negatively regulat&np4, providing a signalling cell density in the mutant and the subsequent reduction in the
network that modulates the patterning and morphogenesis ntimber of hair follicles.
hair follicles (Fig. 8) (Kratochwil et al., 1996; Botchkarev et
al., 1999). However, signalling through ectodysplasin (Eda) We thank George Elia (Cancer Research UK) for histology, Antony
and its receptor (Edar) is also essential for follicle inductionglesias and Gillian Hutchinson (Cancer Research UK) for animal
and appears to function upstream of Lefl, but it is not cle lt‘sfgﬂgr)y];o"’l‘r”gr?\%:ggoég'ftif(;’\ﬁscgng\}gnaﬁg"{ﬁ;i?F’:’(')%?:g";%?}%‘zl'
how Eda signalling relates to t.hat of th? Whit/Lefl pathwa nd Karen Kerr for skilled technical assistance, and Fiona Watt
(Laurikkala e.t al., 2002). .PreV|ous.stud_|es have $h0w_n_th ancer Research UK) for critically reading the manuscript.
althoughShhis not essential for hair follicle induction, it is
necessary for their subsequent maturation, indicative of a role
in follicle morphogenesis (St-Jacques et al., 1998). By contradgeferences
defective Fgf/Fgfr2-1lib signalling has profound effects on theangi, 1., Reddy, S. T., Gaddapara, T. and Millar, S. E(2002). WNT signals
number and distribution of hair follicles. In addition, it is also are required for the initiation of hair follicle developmedev. Cell2, 643-
clear that hair morphology is affected, thereby indicating a late 653. _ _
effect on hair growth. Beer, H. D., Florence, C., Dammeier, J., McGuire, L., Werner, S. and Duan,

Wi h h f i lained b D. R. (1997). Mouse fibroblast growth factor 10: cDNA cloning, protein
e propose that these effects .are mOSt easily explaine ycharacterization, and regulation of MRNA expressi@mcogenel5, 2211-

a regulatory effect of Fgfr2-1llb signalling on the number of 2218,

precursor cells needed for hair follicle formation. Hence, onceeyer, T., Wemer, S., Dickson, C. and Grose, R2003). Fibroblast growth
a follicle placode is initiated the temporal expressioheft, fs;:)gfrmigngrl‘% e'flstgtee;g‘é;oz'gsd;ég‘g skin development and repair.
Shh and Bmp4 appea_lr_ relat“./ely normal. As hair follicle Botchkarev, V. A., Botchkareva, N V., Roth, W., Nakamura, M., Chen, L.
development in Shieficient mice appears to arrest at an early n_ Herzog, W., Lindner, G., McMahon, J. A., Peters, C., Lauster, R. et
stage, it is possible that Saébts positively on FgflOxpression al. (1999). Noggin is a mesenchymally derived stimulator of hair-follicle
to maintain follicle growth (Fig. 8A). This would be analogous induction.Nat. Cell Biol1, 158-164. _

to late limb bud outgrowth, wher8hh acts positively to Cell: G- LaRochelle, W. J., Mackem, S., Sharp, R. and Merlino, G1998).

. inEafl0in the limb bud mesenchvme (Ohuchi et al Soluble domlngnt—negatlve receptor uncovers ess_entlal roles for fibroblast
maintainFg Yy =1 growth factors in multi-organ induction and patterning. EMB®7).1642-
2000). 1655.

The abnormal hair morphology associated with graft®asGupta, R. and Fuchs, E(1999). Multiple roles for activated LEF/TCF
derived from Fgfr2—|l|b/— embryos might result indirectly transcription complexes during hair follicle development and differentiation.

. . . . - Developmenii26, 4557-4568.

from _the reduced prOIIferatlve po_tentlal of the eplt_hellal Cel_lsDe Moerlooze, L., Spencer-Dene, B., Revest, J., Hajihosseini, M., Rosewell,
causing too feW cells to be a\(a"a_ble for prO(_iUClng the first |, and Dickson, C.(2000). An important role for the llb isoform of
wave of hair follicles and resulting in many follicles failing to fibroblast growth factor receptor 2 (FGFR2) in mesenchymal-epithelial
fully penetrate the subcutis. However, once established, graftedsignalling during mouse organogenesis. Developrh2ft 483-492.
mutant hair follicles show similar levels of proliferation (Fig. Fin¢h. P- W., Cunha, G. R., Rubin, J. S., Wong, J. and Ron, [1995).
7C.D). If oth . lli | f L | Pattern of keratinocyte growth factor and keratinocyte growth factor receptor

! ) other _Slgna Ing elements were unctlonlng prOPer_ Y, expression during mouse fetal development suggests a role in mediating
attempts to drive the cells along the usual differentiation morphogenetic mesenchymal-epithelial interactions. Dev. P§8, 223-
pathway would lead to different types of hair. Instead, only one 240. _ _ o _ _
abnormal hair type was found on grafts from the mutant mlcé'UChS, E.(1993). Epidermal differentiation and keratin gene expression.

X . : ell Sci. Suppl. 1,7197-208.
suggesting that there may also be a direct requirement for F t, U., DasGupta, R.. Degenstein, L. and Fuchs, E1998). De Novo hair

Sig_na”ing for the patterning and morphology of the different  fojiicle morphogenesis and hair tumors in mice expressing a truncated beta-
hair types. catenin in skinCell 95, 605-614.
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