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Abstract
An intriguing question is how epidermal pattern formation processes are established, and which
are the molecular mechanisms involved in these events. The establishment of the pattern is
concomitant with the formation of ectodermal appendages, which involves complex interactions
between the epithelium and the underlying mesenchyme. Among ectodermal appendages, hair
follicles are the ‘mini organs’ that produce hair shafts. Several developmental and structural
features are common to all hair follicles and to the hair shaft they produce. However, many
different hair types are produced in a single organism. Also, different characteristics can be
observed depending on the part of the body where the hair follicle is formed. Here, we review the
mechanisms involved in the patterning of different hair types during mouse embryonic
development, as well as the influence of the body axes on hair patterning.
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INTRODUCTION
In mammals, the development of skin appendages such as hair, teeth and mammary glands
involves complex interactions between the epidermis and the underlying mesenchyme
through established hierarchical morphogenetic processes. Hair follicles are produced from a
series of interactions between specific sites in the ectoderm and the underlying mesoderm.
Although there are developmental and structural features that are common to all hair
follicles and to the hair shaft they produce, there are many different types of hair produced
in a single organism. The normal hair pattern results from the development of different types
of hair that commence to form at distinct embryonic stages. Hair follicles are found in a
regular distribution, with precise spacing between the large primary hair follicles and the
smaller follicles. Specifically, mice develop a coat containing four distinct types of hair in
addition to several specialized hairs such as vibrissae and tail hair. The generation of such
diversity of hair types is due to signaling pathways that drive the patterning and induction in
a specific spatial and temporal manner. The analysis of natural or engineered mouse mutants
with hair defects has helped elucidate some of the mechanisms leading to the specification
of the different types of hair during mouse embryonic development. We will summarize the
current knowledge on the regulatory factors and pathways that demarcate the sites in the
skin where hair follicles will develop and that determine their different structures and
shapes. We will not discuss, in detail, the molecular basis of hair shaft differentiation or hair
cycling.
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PATTERNING, GROWTH AND CYCLING OF HAIR FOLLICLES

Pattern formation—Regional specificity implies that different areas of the skin have
different characteristics. Hair follicles are found in specific arrays, with large follicles being
interspersed by smaller follicles throughout the skin. To explain how, from a seemingly
homogenous epidermis, the regular pattern and anterior-posterior orientation of the hair
follicles is accomplished, Turing proposed a reaction-diffusion (R-D) model (Turing, 1952)
in which a morphogenetic field starts with a homogenous distribution of cells, activator(s)
and inhibitor(s). Fluctuations and interactions between the activator(s) and inhibitor(s)
initiate the patterning process with the final distribution depending on the ratio of activators
and inhibitors, and the size and shape of the pattern field.

Suggestions as to which signaling pathways were crucial for the initiation of hair follicle
development came from reports showing that ectopic expression of the Wnt/βcatenin
inhibitor Dkk1, causes blockage of hair follicle induction, while the constitutive activation
of Wnt/βcatenin results in stimulation (Andl et al., 2002; Gat et al., 1998). Two recent
publications have addressed the establishment of hair follicle distribution and orientation
(Sick et al., 2006; Wang et al., 2006). Sick et al., utilize the established Wnt and Dkk
developmental regulatory factors and mathematical predictions to establish models that
support an R-D mechanism involving Wnt and Dkk in the determination of hair follicle
spacing (Sick et al., 2006). On the other hand, Wang and collaborators studied aberrant hair
patterns in the coats of Frizzled6 knockout mice to predict how planar cell polarity signaling
directs the orientation of hair follicles (Wang et al., 2006).

Hair morphogenesis—The development of the hair follicle starts with the morphological
thickening of the epidermis (hair placode) in response to a signal from the dermis (Figure 1).
A signal from the hair placode to the underlying mesenchyme then induces the condensation
of the dermal cells that are adjacent to the placode, and this leads to the formation of the hair
germ. The epidermal part of the hair germ proliferates, elongates and invaginates into the
dermis to form the hair peg in which the condensed mesenchyme is progressively engulfed
by epidermal cells, becoming the dermal papilla. Signals from the dermal papilla to the
adjacent epidermal cells induce the differentiation of the inner root sheath (IRS) that will
form a rigid tube in which the future hair shaft will develop and grow. The IRS is itself
surrounded by the epidermal-derived outer root sheath (ORS), which is a continuation of the
basal layer of the epidermis. When the IRS is formed, the epidermal cells surrounding the
dermal papilla, known as the hair matrix cells, start differentiating into distinct lineages to
form the different structures of the hair shaft that will grow inside the IRS and eventually
protrude through the epidermis. From the outside to the inside, the hair shaft consists of the
following three layers: the cuticle forming the hair surface, the cortex where almost all hair
keratins are accumulated, and the medulla characterized by the presence of cells that
differentiate and produce air spaces that are arranged into one or several columns. Several
signaling pathways (Wnt/βCatenin, Shh/Gli2, BMP, Notch1/Delta1, Noggin, Eda/Edar,
FGF) and transcription factors (GATA3, HoxC13, Cutl1, Msx1, Msx2, WHN, p63 and
Dlx3) have been established as critical for hair follicle development (Millar, 2002;Schmidt-
Ullrich et al., 2006).

Hair cycling—The development of the hair follicle is not limited to the morphogenesis
phase. Indeed, after the initial morphogenesis, throughout life, the hair follicle cycles
through a series of stages (Figure 2), including a growing phase (anagen), a regressing phase
(catagen), and a resting phase (telogen) (Alonso and Fuchs, 2006) (Figure 2). In mice, the
hair coat has a defined length. A report on targeted and spontaneous mutations of FGF5
demonstrated the essential role of this factor as a regulator of hair cycle growth. FGF5,
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which is expressed in the ORS, is required for the progression of the hair cycle from anagen
to the catagen stage. In the angora mouse mutant and in the FGF5 knockout, the follicles
remain in anagen and hair shaft continues to grow (Hebert et al., 1994). Wnt3 is also
involved in the limits of hair growth. Wnt3 is expressed in the hair matrix cells that become
the medulla of the hair shaft. Overexpression of Wnt3 in transgenic mice causes a short-hair
phenotype with altered differentiation of the hair shaft. Overexpression of Dishevelled-2, an
effector of Wnt3 signaling, present in a subset of cells of the ORS and in precursor cells of
the cortex and cuticle, also leads to the short hair phenotype observed when Wnt3 is
overexpressed (Millar et al., 1999).

PATTERNING OF THE MOUSE COAT: SUCCESSIVE WAVES OF HAIR
FOLLICLE INDUCTION LEAD TO FOUR DIFFERENT TYPES OF HAIR

The mouse produces a coat containing a mix of four different types of hair: guard, awl,
auchene and zigzag, as well as specialized hairs such as vibrissae and tail hair (Sundberg,
1994). The generation of the coat involves three successive waves of hair follicle induction
together with specific patterning mechanisms, which leads to different hair structures
(Figure 3A and D). The features, such as length, number of medulla columns and presence
of hair shaft bends, which allow for distinction between the four hair types, are summarized
in Table I. The first wave of hair follicle induction (primary hair placodes) occurs around
embryonic day 14 (E14), and whole mount alkaline phosphatase staining can be used to
visualize this process (Figure 3B). Primary hair placodes gives rise to guard hairs that are
straight, contain two columns of medulla cells and are relatively long. They represent 1–3%
of the total number of hair and protrude above the coat. Guard hairs are also known as
tylotrich hair due to their unique sensory function and form two sebaceous glands per
follicle. The second wave of hair follicle induction (secondary hair placodes) happens
around E16–E17 and produces awl hairs. Awl hairs represent 30% of the coat, are about half
to two-third the size of guard hairs, are straight and contain two to four columns of medulla
cells. The third wave of hair follicle induction (tertiary hair placodes) occurs close to birth
(E18-P1) and generates zigzag hairs. Zigzag hairs, also known as undercoat hair, are the
most abundant hair in the coat (65–70%). Zigzag hairs are about the same size as awl hairs,
and contain only one column of medulla cells. As their name indicates they present several
constrictions along the hair shaft forming three to four bends alternately pointing in opposite
directions. The fourth hair type are auchene hairs that are present at very low frequency
(around 0.1%). They share common features with both awl and zigzag hairs. Indeed, they
contain two to four columns of medulla cells, like awl hairs, but have only one bend due to a
unique local constriction of the hair shaft. It is not clear whether they are formed during the
second wave of hair placodes or with the third. Different hair types at distinct stages of
morphogenesis can be observed in mouse skin at postnatal day 1 (P1) (Figure 3C).

In the following section, we summarize the main mechanisms that have been shown to be
involved in the induction or patterning of specific hair types in the mouse coat. We will also
discuss the influence of the body axis on the patterning of the coat. Although the
composition of the coat is basically the same throughout the body, there is evidence of
differential regulations of hair follicle formation along the anteroposterior and dorsoventral
axes.

Molecular mechanisms involved in the formation of specific types of coat hair
Induction of primary hair follicles—Among the pathways involved in the induction of
primary hair follicles, the Eda/Edar pathway has been the most studied and well
characterized (Mikkola, 2008; Mikkola and Thesleff, 2003). Eda, also called ectodysplasin,
is a member of the tumor necrosis factor (TNF) family that binds to the receptor Edar. There
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are two isoforms of ectodysplasin: Eda-A1 and Eda-A2. Even though they only differ by
two amino acids, they each bind a distinct receptor: Eda-A1 binds only to Edar while Eda-
A2 binds only to another TNF receptor called Xedar. Since several observations suggest that
the Eda-A2/Xedar signaling is not essential during hair follicle development (Newton et al.,
2004; Srivastava and Amla, 2002), we will focus on the Eda-A1/EdaR signaling (referred to
as Eda/Edar). At the stage of primary hair placode formation, Edar is expressed in the
placode itself while Eda is expressed in the non-placodal ectoderm. Later on, Eda and Edar
are both expressed in the hair bulb (Laurikkala et al., 2002). The Eda/Edar signaling
pathway involves the Edar-binding death domain adaptor protein Edaradd and activates the
transcription factor NF-kB (nuclear factor kappaB) (Koppinen et al., 2001). In humans,
mutations in EDA, EDAR or EDARADD lead to hypohydrotic ectodermal dysplasia (HED)
characterized by sparse hair, missing and malformed teeth, absence of sweat glands, and
defects in other glands including mammary glands (Headon et al., 2001; Kere et al., 1996;
Monreal et al., 1999). Several spontaneous mouse mutants with a similar phenotype were
shown to carry mutations in the same pathway: Eda is mutated in Tabby mice lacking both
Eda isoforms (Ferguson et al., 1997; Srivastava et al., 1997), Edar is mutated in downless
mice (Headon and Overbeek, 1999) and Edaradd is mutated in crinckled mice (Yan et al.,
2002). In all these mutants, the primary hair placodes do not form (Laurikkala et al., 2002),
resulting in the absence of guard hairs in the adult mice (Headon and Overbeek, 1999). The
transgenic expression of a degradation-resistant IkB mutant, results in the constitutive
inhibition of the NF-kB signaling pathway, leading to a phenotype that is similar to Eda and
Edar mutant mice (Schmidt-Ullrich et al., 2001). Thus, the Eda/Edar pathway is required for
the induction of primary hair follicles.

The adhesion molecule MadCAM-1 has been proposed to be a target of the Eda/Edar
pathway and to be involved in placode formation (Nishioka et al., 2002). Two recent and
independent microarray analyses, which utilized different strategies to compare Eda induced
and Eda null skin, identified the Wnt antagonist Dkk4 as an Eda target (Cui et al., 2006;
Fliniaux et al., 2008). The induction of Dkk4 suggests a complex regulation of hair placode
formation by Eda, which induces both activators and repressors of hair placode formation
(Fliniaux et al., 2008; Mikkola, 2008). Eda inhibits BMP activity and induces the expression
of Shh, which was demonstrated to be essential for the downgrowth of the hair germ
(Pummila et al., 2007). A recent study showed that the knockout (total and skin-specific) of
Lgr4, a leucine-rich repeat G-protein coupled receptor, leads to a hair phenotype similar to
Eda/Edar mutants, including the absence of primary hair placodes (Mohri et al., 2008). The
relation between Lgr4 and the Eda/Edar pathway remains to be elucidated.

Although the secondary and tertiary hair placodes are formed in mice mutated in the Eda/
Edar pathway, they produce only abnormal awl-like hairs (Sundberg, 1994). This suggests a
secondary role for the Eda/Edar pathway in hair patterning. Interestingly, the transgenic
expression in Tabby mice of Eda-A1, and not Eda-A2, almost completely restores normal
development of hair, teeth and glands (Cui et al., 2003; Srivastava et al., 2001). The same
effect was observed in Tabby mice that were administered recombinant Eda-A1 during
embryonic development (Gaide and Schneider, 2003). However, although primary hair
placodes form normally and differentiate into guard hairs, rescued Tabby mice still do not
form zigzag hairs (Gaide and Schneider, 2003). Surprisingly, the transgenic overexpression
of Eda-A1 in wild-type mice also resulted in the absence of zigzag hair formation, although
it does not affect the total number of hair (Cui et al., 2003; Mustonen et al., 2003).

Induction of secondary and tertiary hair follicles—The BMP2/4 antagonist Noggin,
which is expressed in the mesenchyme of all developing hair follicles (condensed
mesenchyme and dermal papilla) and antagonizes the inhibitory effect of BMP-2/4 on hair
follicle development (Botchkarev et al., 1999), was the first factor shown to be required for
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the induction of secondary hair follicles (Botchkarev et al., 2002). This observation was
made by analyzing late embryonic stages of noggin knockout mice that die before birth, and
by grafting E18.5 skin from these mice onto SCID mice. Although primary hair follicle
induction normally occurs at E14.5 in noggin knockout embryos, the secondary and tertiary
waves of hair follicle induction are missing. Moreover, the grafting approach revealed that
while primary hair follicles were induced, their development did not progress further. Thus,
even though noggin is not required for the induction of primary hair follicles, it is required
for differentiation (Botchkarev et al., 2002). The downstream effects of Noggin involve the
Lymphoid enhancer-binding factor 1 (Lef-1) which is downregulated in noggin knockout
mice (Botchkarev et al., 1999). Lef-1 knockout mice form primary hair placodes at E14.5,
exhibit a reduced number of hair follicles at subsequent stages and produce only
rudimentary hair which become visible around day 9 after birth but are progressively lost
(van Genderen et al., 1994). Lef-1 activity involves the formation of a complex with
βcatenin, an essential component of the canonical Wnt signaling pathway. In response to
Wnt signaling, βcatenin is protected from degradation and translocated to the nucleus where
it forms a complex with members of the Lef/Tcf family and controls the transcription of
target genes. Interestingly, while nuclear βcatenin can be detected in all hair placodes at
E16.5, nuclear Lef-1 is only present in secondary hair placodes, which is consistent with the
fact that primary hair placodes do not require Lef-1 expression (Jamora et al., 2003). On the
other hand, the Wnt/βcatenin pathway seams to be involved the induction of all hair follicles
(Andl et al., 2002; Huelsken et al., 2001), implying that βcatenin interacts with another
member of Lef/Tcf family during the formation of primary placodes.

A recent study of Troy, a TNF receptor homologous to Edar, revealed its implication in the
induction of secondary hair follicles (Pispa et al., 2008). Even though the expression pattern
of Troy in developing hair follicles is similar to that of Edar, mice lacking Troy have no hair
defects. However, mice lacking both Edar and Troy did not develop either primary or
secondary hair follicles. These double knockout mice lack all types of hair follicles on the
skin covering the cranium, demonstrating that Troy is also involved in tertiary hair follicle
induction in the cranial skin (Pispa et al., 2008).

Dominant mutations in the Sox18 transcription factor have been correlated with the ragged
phenotype in mice. The hair coat of these mutant mice is characterized by a reduced number
of hairs due to the absence of auchene and zigzag hair types (Pennisi et al., 2000b).
However, Sox18 knockout mice exhibit a milder phenotype, with only a reduction in the
number of zigzag hairs and defects in pigmentation (Pennisi et al., 2000a).

Differentiation of tertiary hair follicles: what controls hair bending?—All hair
follicles have an anteroposterior polarity that is established at the beginning of hair placode
formation (Devenport and Fuchs, 2008) and is maintained throughout development and in
the adult mouse. In mature hair follicles, Sonic hedgehog (Shh) marks hair polarity by its
restricted expression in a group of matrix cells on the posterior part of the follicle (Gat et al.,
1998). In addition to the polarity that is applied to all hair follicles, zigzag hairs contain a
series of bends in alternating orientations, which must involve cyclic mechanisms that are
still poorly understood.

Several mouse mutants do not form zigzag hairs although they do form tertiary hair follicles,
suggesting that they are affected not in the induction of this hair type but in the patterning of
the characteristic zigzag shape. As introduced earlier, in addition to not forming primary hair
placodes and consequently lacking guard hairs, mice with mutations in the Eda/Edar
signaling pathway do not have auchene or zigzag hairs while the induction of the secondary
and tertiary hair placodes does not seem to be affected (Headon et al., 2001; Headon and
Overbeek, 1999; Srivastava et al., 1997). The transgenic expression of Eda-A1 (under K14
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promoter or involucrin promoter) in the epidermis of wild-type mice also results in the
absence of zigzag hairs while the total number of hair is not affected (Cui et al., 2003;
Mustonen et al., 2003; Zhang et al., 2003). The use of an inducible system, allowing to turn
on and off the expression of the transgene, revealed that the formation of zigzag hairs was
not restored when the expression of Eda-A1 was maintained during development and turned
off in adult mice (Cui et al., 2003). This irreversibility suggests that misexpression of Eda-
A1 is not only disturbing the asymmetric and cyclic expression of the genes controlling hair
shaft bending but is irreversibly compromising the establishment of the molecular
mechanism responsible for hair bend formation. It is likely that the Eda/Edar pathway has
specific target genes at different stages of hair follicle development. In a recent study, the
lymphotoxin-b pathway was identified as a target of Eda involved primarily in hair
differentiation (Cui et al., 2006). Indeed, lymphotoxin-b knockout mice form primary hair
placodes but produce abnormal hair shafts including zigzag hairs with no bends.

Ectopic overexpression, controlled by the involucrin promoter, of the insulin-like growth
factor IGF-1 (normally expressed in the dermal papilla) in the IRS and the medulla of the
hair follicle, leads to the absence of zigzag hairs (Weger and Schlake, 2005). The insulin-
like growth factor binding protein IGFBP5 was the first protein identified as a molecular
marker of zigzag hairs (Schlake, 2005). The expression pattern of IGFBP5 in zigzag hair
follicles is highly dynamic, switches from being expressed in the dermal papilla to being
asymetrically distributed in the hair matrix and the medulla, and seems to correlate with hair
shaft bending (Schlake, 2005). It has been proposed that IGFBP5 is regulated by Krox-20, a
zinc finger transcription factor with an intriguing expression pattern during hair
development (Gambardella et al., 2000; Schlake, 2006). However, no hair phenotype has
been reported on IGFBP-5 knockout mice, even when IGFBP-3 and 4 are also knocked out
(Ning et al., 2006).

Wnt signaling was also shown to play a role in the patterning of zigzag hairs
(Hammerschmidt and Schlake, 2007). This was demonstrated by transgenic expression of
the Wnt antagonist Dkk1 in the hair cortex under the control of the Foxn1 promoter (Foxn1-
Dkk1). In these transgenic mice, the Wnt signaling is locally inhibited in the hair bulb after
hair follicles have begun to form. Foxn1-Dkk1 mice exhibit several features of Tabby mice,
including the absence of zigzag hairs. In both Foxn1-Dkk1 and Tabby mice, IGFBP5
expression was down-regulated (Hammerschmidt and Schlake, 2007). The same observation
was made for Shh expression that exhibits asymmetric and dynamic distribution in the hair
follicle of wild-type mice (Gambardella et al., 2000; Hammerschmidt and Schlake, 2007).
These observations suggest that Eda/Edar and Wnt signaling control the molecular
machinery allowing tertiary hair follicles to produce zigzag hairs.

Members of the Runx family of transcription factors are also involved in the determination
of hair structure (Raveh et al., 2005; Raveh et al., 2006). Runx1 is dynamically expressed
both in the dermal papilla and the epidermal part of all developing hair follicles (Raveh et
al., 2006). When Runx1 is specifically inactivated in the epidermis, most zigzag hairs form
less pronounced bends that are often misoriented and fragile (Raveh et al., 2006). The
knockout of Runx3, which is expressed in the dermal papilla of all hair follicles, leads to a
change in the composition of the coat: the proportion of zigzag hairs is reduced to 55%
instead of 70%, their length is significantly reduced, and they exhibit two bends rather than
three to five (Raveh et al., 2005). Thus, even though they are expressed in all hair follicles,
both Runx1 and Runx3 seem to be specifically required for the normal hair shaft structure of
bent hair types.

The zinc finger transcription factor Miz1, which is expressed in the basal layer of the
epidermis and the ORS of the hair follicle, is involved in the regulation of hair cycling and
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affects the proportion and structure of zigzag hairs (Gebhardt et al., 2007). Miz1 knockout
mice exhibit a rough fur containing only 40% zigzag hairs, which do not form bends.

Influence of the body axes on patterning of the coat
Although the general structure of the skin is the same throughout the body, its embryologic
origin varies along the anteroposterior and dorsoventral axes. How dermal specificity and
epidermal competence are established has not been determined. It is not known why certain
regions of the human body have hair while other regions do not. Could this be a result of
regionalization of the dermis? While the epidermis is derived from the relatively
homogenous non-neural ectoderm, the dermis has various origins: the dorsal dermis is
derived from the dermomyotome, the ventral dermis is derived from the somatopleure
(external layer of the lateral plate mesoderm), the craniofacial dermis is cranial neural crest-
derived.

Although it is clear that dermal fibroblasts have distinct inductive properties depending on
their localization (Chang et al., 2002), the mechanisms involved in the differential patterning
of the skin along the body axes is still poorly documented. A HOX code has been proposed,
where different combinations of HOX gene expression may be the basis of skin regional
specificity. Indeed, there are spatiotemporally defined HOX expression patterns in the
dermal cells derived from different topological regions in humans (Chang et al., 2002).
Other transcription factors that characterize specific areas of the skin are: engrailed, ventral
paw (no hair) versus dorsal paw (with hair) (Loomis et al., 1996); and TBX4 and 5, which
establish scale versus feather forming dermis (Rodriguez-Esteban et al., 1999). These results
support the idea that a combination of molecular codes specify regional skin characteristics.
Below, we summarize what is currently known in the differential patterning of the coat
along the body axes.

Dorsoventral patterning of the coat—The most obvious evidence of the existence of
different mechanisms governing the patterning of dorsal and ventral skin is the difference in
coat color observed in several strains. The difference in coat color is governed by complex
allelic variations of the Agouti gene. Agouti is secreted by the dermal papilla and, through
paracrine action, causes neighboring melanocytes to produce yellow pigments
(pheomelanosomes) instead of black pigments (eumelanosomes). Two predominant Agouti
mRNA isoforms differing by their transcriptional initiation site and promoter region have
been identified: a “hair cycle-specific” isoform and a “ventral specific” isoform (Bultman et
al., 1994; Vrieling et al., 1994). The “hair cycle-specific” isoform is transiently expressed at
a specific stage of hair development and cycling resulting in the presence of a band of
yellow pigment in a black hair. This isoform is expressed in both dorsal and ventral skin.
The “ventral specific” isoform is expressed throughout the growing phase of the hair but
only in ventral skin. The presence of these two isoforms with different distribution patterns,
together with the allelic variation of the Agouti gene, result in large diversity of coat colors
that may or may not differ along the dorsoventral axis. For example, mice with the black-
and-tan genotype at/at form ventral hairs that are completely yellow and dorsal hairs that are
completely black.

The T-box transcription factor Tbx15 is involved in the establishment of the boundary
between dorsal and ventral skin (Candille et al., 2004). At E11.5, the expression of Tbx15 is
complementary to the expression of agouti and restricted to the dorsolateral mesenchyme,
before being expanded ventrally. Mice mutated in Tbx15 (knockout mice or the spontaneous
mutant Droopy ear) exhibit a dorsal expansion of the yellow belly hair in agouti black-and-
tan mice. Pigmentation is not the only difference between ventral and dorsal hair. Although
the four hair types are present in dorsal and ventral skin, ventral hair are significantly shorter
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than dorsal hair with a slightly increased proportion of zigzag hairs (Candille et al., 2004).
Interestingly, the mechanisms defining the boundary between ventral and dorsal coat are
similar to the mechanisms involved in the dorsoventral positioning of the limbs and in
mammary gland positioning, although they happen at different times during development. In
all cases, the establishment of the boundary seems to involve the antagonistic interaction
between BMP4, which is expressed in the ventral epithelium, and Tbx15 which is expressed
in the dorsal mesenchyme (Cho et al., 2006).

Specificity of cranial hair patterning—Several mouse models exhibit particular defects
in localized areas of their cranial coat. In addition to not forming guard hairs and zigzag
hairs throughout their coat, Tabby mice do not have hair behind the ears (focal alopecia).
This phenotype demonstrates that, in this area of the body, the Eda/EdaR signaling pathway
is required for the differentiation of all hair types (Mikkola and Thesleff, 2003). This
phenotype is rescued by the transgenic expression of Eda-A1 in Tabby mice (Cui et al.,
2003; Srivastava et al., 2001). The local inhibition of Wnt signaling in the hair follicle, by
transgenic expression of the Wnt antagonist Dkk1 under control of the Foxn1 promoter
(Foxn1-Dkk1), also leads to formation of bald patches behind the ears (Hammerschmidt and
Schlake, 2007). Sparse head hair and focal alopecia behind the ears was also observed in
mice lacking Lgr4 (Mohri et al., 2008). Interestingly, both Foxn1-Dkk1 mice and Lgr4-/-
mice share more than one feature with Tabby mice, including the absence of primary hair
placodes. As introduced earlier, while mice lacking the TNF receptor Troy have no hair
defects, mice lacking both Eda and Troy lack not only primary hair follicles but also
secondary hair follicles (Pispa et al., 2008). These double knockout mice lack all types of
hair follicles on the cranium in addition to the bald spots observed behind the ears. The
mechanisms leading to differential function of Eda/Edar, Troy, Lgr4 and Wnt in cranial skin
remain to be elucidated.

PATTERNING OF SPECIALIZED TYPES OF HAIR
Vibrissae

Vibrissae, also called whiskers, are very large long hairs extending from the snout of the
mouse. They are highly specialized and serve as tactile sense organs. They develop within
characteristic blood sinuses and are highly innervated. There are three types of vibrissae
(primary, secondary and supernumerary) that are organized in a very specific pattern in the
snout region (Van Exan and Hardy, 1980; Yamakado and Yohro, 1979) (Figure 4A).
Interestingly, the pattern of vibrissae distribution is faithfully projected to the somato-
sensory cortex of the telencephalon where it forms a characteristic neuronal aggregation
termed “cortical barrel”. In mice, the development of vibrissae follicles starts at E12.5, and
at birth, vibrissae hair shafts have already emerged (Figure 4B).

Interestingly, mice mutated in the Eda/Edar pathway form vibrissae at E12.5, while they do
not form primary coat hair placodes at E14.5 (Headon and Overbeek, 1999). On the other
hand, mice mutated in the Noggin/Lef1 pathway do not form vibrissae at E12.5, while they
form primary coat hair placodes at E14.5 but do not form secondary hair placodes at E16.5
(Botchkarev et al., 2002). Thus, even though vibrissae are induced prior to the initiation of
coat hair development, the mechanisms involved in vibrissae development seem to be more
closely related to the induction of secondary coat hair placodes than to the induction of
primary coat hair placodes.

Tail hairs
The epidermis of the tail is thicker than the trunk epidermis and has a very specific structure
(Schweizer and Marks, 1977). Parallel rings of scale-like structures form along the axis of
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the tail (Figure 4C). These structures are separated by inter-scale regions characterized by a
unique type of keratinization. Each row contains a certain number of scales, each of which
face the junction between two scales of the next row (opposite phase). A neatly patterned
group of three hairs develop under each scale and emerge through the interscale region
(Figure 4D). During embryonic development, hair placode induction occurs at E16.5 in the
tail (Sofaer, 1973). Beneath each scale, the three hairs forming are not induced
simultaneously. The central hair, that is usually the most developed, is induced first while
the development of the two other hairs is slightly delayed (Schweizer and Marks, 1977).
Although absence of tail hair formation or defects in their development have been observed
in many mouse models, the mechanisms involved specifically in the development of this
type of hair have been poorly addressed.

As mentioned, tail hairs develop at the same time as the secondary wave of coat hair
(E16.5). Tabby mice do not form hair on their tail, while they do form secondary and tertiary
but not primary coat hair follicles (Headon and Overbeek, 1999). As for the first wave of
coat hair placode induction, the induction of tail hair placodes is rescued by transgenic
expression of Eda-A1 in Tabby mice (Cui et al., 2003; Gaide and Schneider, 2003;
Srivastava et al., 2001). These observations suggests that the function of the Eda/Edar
pathway in tail hair placode induction at E16.5 is more related to its function in primary coat
hair placode induction at E14.5 than to its function in secondary coat hair placode induction
at E16.5. This is further supported by the fact that mice mutated in the Noggin/Lef-1
pathway seem to form tail hair. Noggin-/- mice die before birth and tail hair was not
analyzed at embryonic stages (Botchkarev et al., 2002). However, Lef-1-/- mice are viable,
lack coat hair (secondary and tertiary) and vibrissae, but do form tail hair (van Genderen et
al., 1994). Thus, the Noggin/Lef-1 pathway, that is required for the secondary hair placode
induction at E16.5, is not required for the induction of tail hair at the same stage.

CONCLUSION
Much has been learned in the last decade on the regulatory mechanisms and essential factors
that control hair formation. Although many questions remain, recent work has begun to
elucidate what is the specific combinatorial signaling that is required to generate the
variability in hair shafts. Mechanisms determining the regional specificity (head, back of the
ears, etc.) remain to be completely understood and have mostly been investigated in the
mouse model. However, the determination of regulatory programs in the different hair types
in humans is of great clinical and cosmetic relevance. In humans, it is unclear which are the
mechanisms that underlie the generation of patterns of specific types of hair follicles in
localized areas of the body (scalp, axilla, body, etc.). Interestingly, a condition characterized
by disruption of the pattern leading to altered hair growth and distribution more typical of
furry mammals is the congenital generalized hypertrichosis (Baumeister et al., 1993).
Identification of a gene associated with a form of congenital universal hypertrichosis that is
inherited in an apparent X-linked recessive manner and is involved in the growth of human
hair in certain regions of the body has been linked to the Xq24-Xq27.1 region (Tadin-
Strapps et al., 2003).

The better characterization of a large number of mutant mice with hair defects, the
identification of the locus mutated in each phenotype and reassessment of the results in
published studies that have not provided detailed description of the hair phenotype (i.e.
delay in hair growth without analyzing the timing of hair follicle induction) will allow for
better understanding of hair follicle biology. The identification of the molecular markers
controlling hair follicle morphogenesis and patterning will provide unlimited possibilities
for therapeutic approaches.
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Figure 1. Hair follicle morphogenesis and structure of the hair shaft
A) Schematic representation of the major stages of hair follicle morphogenesis. B–D) Cross
views of mature hair follicle at three different levels along the proximo-distal axis. Section
plans are shown in A with dashed lines (last panel). E) Skin section at postnatal day 5 (P5)
stained with hematoxylin and eosin. IRS, inner root sheath; ORS, outer root sheath; SG:
sebaceous gland.
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Figure 2. Hair cycling
Schematic representation of the stages of hair follicle cycling: the regressing phase
(catagen), resting phase (telogen) and growing phase (anagen).
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Figure 3. Coat hair development: three waves of hair follicle induction forming four different
hair types
A) Schematic representation of the three waves of hair follicle induction (primary,
secondary and tertiary) involved in the formation of the mouse coat. Genes known to be
essential for the induction of specific waves are indicated. The planar view on the right
shows the pattern distribution of the successive waves of hair follicles. B) Alkaline
phosphatase staining of mouse embryo at embryonic day 14.5 (E14.5) showing the
distribution of primary hair follicles. C) Cross section of mouse back skin at postnatal day 1
(P1) showing the presence of hair follicles at different stages of their morphogenesis. D)
Four different hair types found in the mouse coat: guard (Ga), awl (Aw), auchene (Au) and
zigzag (Zi) hairs. Characteristics of these four hair types are summarized in Table I.
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Figure 4. Two specialized hair types: vibrissae and tail hair
A) Alkaline phosphatase staining of whisker pads of mouse embryo at embryonic day 13.5
(E13.5) showing the characteristic pattern distribution of vibrissae. bs, blood sinus; vi,
vibrissae. B) Cross section of whisker follicles at postnatal day 7 (P7). C) Longitudinal
section of adult mouse tail. D) Cross section of adult mouse tail. s, scale region; is, interscale
region.
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