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Notch1 and Notch2 Receptors Influence
Progressive Hair Graying in a
Dose-Dependent Manner
Karine Schouwey,1 Véronique Delmas,2 Lionel Larue,2 Ursula Zimber-Strobl,3 Lothar J. Strobl,3

Freddy Radtke,1,4 and Friedrich Beermann1*

The Notch signaling pathway is involved in diverse biological processes such as cell fate decisions or stem
cell maintenance. In this study, we assessed the role of this pathway for melanocyte development and hair
pigmentation using RBP-J�, Notch1, and Notch2 conditional knockout mice. Disruption of the Notch
pathway by inactivating RBP-J� in the melanocyte lineage using Tyr::Cre mice led to a severe coat color
dilution. Similarly, hair graying was observed when Notch1 and/or Notch2 receptors were ablated in
melanocytes. This phenotype was proportional to the number of floxed Notch alleles, with the most
pronounced effect seen in Tyr::Cre/°; Notch1flox/flox; Notch2flox/flox mice. Deletion of Notch1 and/or Notch2 in
melanoblasts did not induce a congenital defect. The number of Dct-expressing cells at embryonic stages
was not affected, but melanocytes located within the hair matrix progressively disappeared during the first
regeneration of the hair follicle. In contrast, non-follicular melanocytes and pigmentation in the dermis and
in the choroid were not affected. We suggest that both Notch1 and Notch2 receptors contribute to the
maintenance of melanoblasts and melanocyte stem cells, and are essential for proper hair pigmentation.
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INTRODUCTION

Melanocytes are neural crest–derived
pigment cells that migrate into skin
and hair follicles during embryogene-
sis. Additionally, melanocytes are also
found in the eye (choroid, ciliary body,
iris), in the inner ear (cochlea), and in
leptomeninges. In mouse hair follicles,
differentiated and transient amplify-
ing melanocytes are mainly found in
the bulb, while the bulge region is be-
lieved to contain melanocyte stem

cells (Nishimura et al., 2002; Reya
and Clevers, 2005). Indeed, hair folli-
cles are in a continuous cycle, alter-
nating periods of growth (anagen), re-
gression (catagen), and rest (telogen).
During the anagen phase, melano-
cytes arising from the bulge migrate
along the ORS (outer root sheath) to
colonize the hair matrix. Hair graying
has been demonstrated to be caused
by defective self-maintenance of mela-
nocyte stem cells in the bulge (re-

viewed in Steingrimsson et al., 2005).
Recently, Nishimura et al. (2005) de-
scribed two mechanisms that mediate
this melanocyte precursor depletion.
In Bcl2�/� mice, abrupt loss of mela-
noblasts between postnatal day (P)6.5
and P8.5 is due to selective apoptosis
of melanocyte stem cells in the bulge
at their entry into the dormant state.
In contrast, premature differentiation
at early-mid-anagen of the third hair
cycle causes a gradual decrease of me-

1ISREC (Swiss Institute for Experimental Cancer Research), National Center of Competence in Research (NCCR) Molecular Oncology,
Epalinges, Switzerland
2Developmental Genetics of Melanocytes, UMR146 CNRS, Institut Curie, Orsay, France
3GSF-National Research Center for Environment and Health, Institute for Clinical Molecular Biology and Tumor Genetics, Munich,
Germany
4Ecole Polytechnique Fédérale de Lausanne (EPFL), School of Life Sciences, Lausanne, Switzerland
Grant sponsor: Swiss National Science Foundation; Grant sponsor: Swiss Cancer League; Grant sponsor: NCCR Molecular Oncology; Grant
sponsor: Ligue Nationale Contre le Cancer; Grant sponsor: INCa.
*Correspondence to: Friedrich Beermann, ISREC (Swiss Institute for Experimental Cancer Research), National Center of
Competence in Research (NCCR) Molecular Oncology, Chemin des Boveresses 155, 1066 Epalinges, Switzerland.
E-mail: Friedrich.Beermann@isrec.ch

DOI 10.1002/dvdy.21000
Published online 31 October 2006 in Wiley InterScience (www.interscience.wiley.com).

DEVELOPMENTAL DYNAMICS 236:282–289, 2007

© 2006 Wiley-Liss, Inc.



lanocyte stem cells in Mitfvit/vit mu-
tants (Nishimura et al., 2005).

While the Notch signaling pathway
has been described to play a role in the
development of most tissues (Nam et
al., 2002; Nickoloff et al., 2003), only
little is known about its role in the
pigmentary system. Notch signaling is
a conserved cell-interaction mecha-
nism where both receptors and li-
gands are single-pass transmembrane
proteins (Greenwald, 1998). In mam-
mals, four Notch receptors (Notch1–4)
and five ligands (Jagged-1 and 2, and
Delta-like [Dll] 1, 3, and 4) have been
described (reviewed in Radtke et al.,
2005). Ligand binding to the Notch
receptor results in two proteolytic
cleavages. The first one occurs extra-
cellularly, and is mediated by a met-
alloprotease of the ADAM family
(TACE, tumor necrosis factor-�-con-
verting enzyme). This renders the
transmembrane domain susceptible to
the second cleavage, which is achieved
by a protein complex with �-secretase
activity (presenilin, nicastrin, APH1,
and PEN2). The released intracellular
domain of Notch (NIC) then translo-
cates to the nucleus, where it binds to
CSL transcription factors (CBF1 in
human, Suppressor of Hairless in Dro-
sophila and LAG in C. elegans, also
known as RBP-J� in mouse) and thus
activates the transcription of bHLH
(basic helix-loop-helix) repressors of
the HES (Hairy/Enhancer of Split)
family. In addition to apoptosis and
cell proliferation (Artavanis-Tsakonas
et al., 1999), the Notch signaling path-
way plays an important role in self-
renewal of stem cells (reviewed in
Radtke et al., 2005). Moreover, it is
involved in cell differentiation in di-
verse tissues, by either influencing bi-
nary cell fate decisions of progenitor
cells or inducing terminal differentia-
tion of a particular cell lineage (Lai,
2004; Hansson et al., 2004; Lundkvist
and Lendahl, 2001; Gaiano and
Fishell, 2002; Ge et al., 2002).

In the pigmentary system, members
of the Notch signaling pathway are
expressed in melanocytes and seem to
be upregulated in melanoma cell lines
(Nickoloff et al., 2005; Hoek et al.,
2004). In addition, expression of
Notch1 and Notch2 as well as of sev-
eral ligands has been detected in
vibrissa follicles from embryonic to
adult stages (Powell et al., 1998;

Favier et al., 2000). During follicle
morphogenesis, Notch1 is first ex-
pressed in the epithelial cells of the
hair plug, in the dermal condensation,
as well as in the interfollicular epider-
mis. Later on, while it is absent in the
inner root sheath (IRS) and the der-
mal papilla, Notch1 expression can be
detected in the epidermis and the su-
prabasal layers of the outer root
sheath (ORS). As for Delta1 and
Notch2, their expression is comple-
mentary at embryonic stages, with the
ligand being expressed in the dermal
condensation, and the receptor in the
interfollicular dermis. Then, while no
specific expression pattern can be de-
tected for Notch2, adult vibrissa folli-
cles in anagen express Notch1 in epi-
thelial cells of the ORS and the hair
matrix, with the exception of cells
above the dermal papilla. In contrast,
all cells above the papilla and of the
hair matrix express Notch1 in cata-
gen.

Recently, conditional deletion of
RBP-J� in melanocytes has been
shown to cause elimination of melano-
blasts and melanocyte stem cells, and
to result in hair graying (Moriyama et
al., 2006). Additional experiments
suggested that Notch signaling via
Hes1 plays a critical role in the main-
tenance of melanoblasts by preventing
apoptosis. In the present study, we
now dissected the Notch signaling
pathway by specifically deleting
Notch1 and/or Notch2 in melanocytes,
and demonstrated the indispensable
and dose-dependent effect of both re-
ceptors in the maintenance of melano-
cyte-mediated hair pigmentation. In
addition, non-follicular melanocytes
that are found in the dermis as well as
in the choroid of the eye were not af-
fected by the absence of Notch1 and
Notch2 receptors.

RESULTS

Conditional Deletion of
Notch1 and Notch2 Alleles in
the Melanocyte Lineage
Results in a Dose-Dependent
Hair Graying

Since constitutive deletions of RBP-
J�, Notch1, or Notch2 lead to embry-
onic lethality (reviewed in Louvi et al.,
2006), mice carrying floxed RBP-J�

(Tanigaki et al., 2002), Notch1
(Radtke et al., 1999), and Notch2 (Bes-
seyrias et al., unpublished data) al-
leles were mated to mice expressing
Cre recombinase specifically in the
melanocyte lineage (Tyr::Cre, Delmas
et al., 2003). The artificial tyrosinase
promoter used in Tyr::Cre mice is ac-
tive in melanoblasts from embryonic
day (E)10.5. In the skin, expression is
not only found in hair follicles (bulb)
or epidermis, but equally in melano-
cytes/melanoblasts in the bulge region
(Yajima et al., 2006). Expression in
the eye is confined to the choroidal
melanocytes, but rather absent in the
retinal pigment epithelium (Cama-
cho-Hubner and Beermann, 2001;
Porter et al., 1999).

Melanocyte-specific deletion of
RBP-J�, which mediates Notch signal-
ing of all Notch receptors, resulted in
a gradual coat color dilution that fi-
nally led to almost complete hair whit-
ening compared to control (Fig. 1A
and C; Moriyama et al., 2006). How-
ever, recombination of one RBP-J� al-
lele was not sufficient to induce this
phenotype (Fig. 1B). Similarly, Cre/
loxP-mediated recombination of the
Notch1 and Notch2 alleles caused an
obvious hair graying, which, in addi-
tion, appeared to be dose-dependent
since it was influenced by the number
of intact Notch1 and Notch2 alleles. At
the same age (8 weeks), no hair gray-
ing was observed when only one Notch
allele was absent in melanocytes (Fig.
1D). In contrast, dispersed gray hairs
were discernible when two Notch alleles
are floxed in Tyr::Cre/°; Notch1flox/�;
Notch2flox/� (Fig. 1E) and Tyr::Cre/°;
Notch1�/�; Notch2flox/flox mice (Fig. 1F).
Tyr::Cre/°; Notch1flox/flox; Notch2�/�

mice (Fig. 1G) equally developed a hair-
graying phenotype with the first gray
hairs only visible at 12 weeks (not
shown). Recombination of an additional
Notch allele, in Tyr::Cre/°; Notch1flox/flox;
Notch2flox/� or Tyr::Cre/°; Notch1flox/�;
Notch2flox/flox mice, led to a more pro-
nounced effect, characterized by a
completely gray coat (Fig. 1H and I).
Hair graying was only slightly differ-
ent between the two genotypes, with
Tyr::Cre/°; Notch1flox/�; Notch2flox/flox

mice being a little lighter than
Tyr::Cre/°; Notch1flox/flox; Notch2flox/�

mice at the same age. Pigmentation of
hairs was even more reduced in the
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absence of both Notch1 and Notch2
(Tyr::Cre/°; Notch1flox/flox; Notch2flox/

flox, Fig. 1J). Here, the coat was nearly

white, resembling mice with melano-
cyte-specific deletion of RBP-J� (Fig.
1C).

The Coat Color Dilution
Caused by the Absence of
Notch1 and Notch2 in
Melanocytes Increases With
the Age of Mice

Time-dependence of hair graying
was equally observed in the different
genotypes. This is illustrated in Fig-
ure 2 for Tyr::Cre/°; Notch1flox/�;
Notch2flox/flox mice where variations
of the phenotype were easily observ-
able. The color of the first coat was
slightly affected by the deletion of
Notch1 and Notch2. While mutant
newborns were not distinguishable
from controls at 7 days (Fig. 2A), a
weak coat color dilution could be ob-
served at 3 weeks (Fig. 2B). Then,
graying increased with each hair cy-
cle, as observed at 7 weeks (Fig. 2C),
and 16 and 23 weeks (Fig. 2D and E).
After 7 months (31 weeks), the coat
was completely white (Fig. 2F). Such
hair graying was characterized by the
appearance of an increasing amount
of gray and white hairs (Fig. 2G). This
progressive dilution of coat color was
reflected by the relative melanin con-

Fig. 1. Notch signaling by RBP-J� in melano-
cytes is crucial for the maintenance of hair pig-
mentation. Melanocyte-specific disruption of
the Notch signaling pathway by removing
RBP-J� leads to hair graying (C, Tyr::Cre/°;
RBP-J�flox/flox). Nevertheless, Cre/loxP-medi-
ated recombination of one RBP-J� allele is not
sufficient to affect black hairs (B, Tyr::Cre/°;
RBP-J� flox/�). The coat color is equally affected
by the deletion of Notch1 and Notch2 receptors
in melanocytes. Moreover, this effect of Notch
signaling is dose-dependent since three intact
alleles of Notch1 and Notch2 are required for
proper hair pigmentation (D, Tyr::Cre/°;
Notch2flox/�). As compared with control (A),
conditional deletion of two Notch alleles in
Tyr::Cre/°; Notch1flox/�; Notch2flox/� (E) and
Tyr::Cre/°; Notch1�/�; Notch2flox/flox (F) mice re-
sults in a dispersed hair graying. In Tyr::Cre/°;
Notch1flox/flox; Notch2�/� mice, hair graying is
retarded and not yet visible at 8 weeks (G). Mice
with three deleted (floxed) Notch alleles (H,
Tyr::Cre/°; Notch1flox/flox; Notch2flox/�; I,
Tyr::Cre/°; Notch1flox/�; Notch2flox/flox) show a
more intense hair graying. A coat color pheno-
type resembling deletion of RBP-J� (C) is ob-
tained following deletion of all four alleles (J,
Tyr::Cre/°; Notch1flox/flox; Notch2flox/flox). Note
that the skin phenotype of mice with conditional
deletion of both Notch1 alleles (G, H, J) is not
related to Cre expression in melanocytes. All
mice are 8 weeks old. N1� � Tyr::Cre/°;
Notch1flox, N2� � Tyr::Cre/°; Notch2flox,
RBP� � Tyr::Cre/°; RBP-J� flox.
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tent (Fig. 2H). While the amount of
melanin in wild-type hairs remained
quite constant with age, the quantity
of melanin in Tyr::Cre/°; Notch1flox/�;
Notch2flox/flox and Tyr::Cre/°;
Notch1flox/flox; Notch2flox/� hairs de-
creased to the level of albino (Tyrc)
mice. We thus conclude that deletion
of Notch1 and Notch2 leads to pro-
gressive hair graying, which is influ-
enced by the number of intact alleles
that remain.

Deletion of Notch1 and
Notch2 Affects the
Maintenance of Dct-
Expressing Melanocytes in
the Hair Follicles

To analyze the number and the loca-
tion of melanoblasts and melanocytes,
we used Dct::LacZ mice (MacKenzie et
al., 1997) that carry the reporter gene
LacZ under the control of the Dct pro-
moter. The embryonic expression of
this promoter, from E9.5, allows visu-
alization of melanoblasts and melano-
cytes before the production of pigment
starts. In adult mice, this Dct::LacZ
mouse line is convenient to mark pig-
ment cells located in the epidermis
and hair follicles, but not for detection
of dermal melanocytes. When
Dct::LacZ transgenic embryos (E13.5)
were compared to ROSA26R (R26R)
embryos (Soriano, 1999) expressing
the Tyr::Cre transgene, an equal
amount of melanoblasts was LacZ-
positive, indicating that efficient Cre-
mediated recombination occurs in Dct-
expressing melanocytes (Fig. 3A). In
Dct::LacZ/°; Tyr::Cre/°; Notch1flox/�;
Notch2flox/flox embryos, deletion of
Notch1 and Notch2 receptors did not
affect the number of Dct-expressing
cells at embryonic stages. At E13.5
and E16.5, an equal density of mela-
noblasts was found in control (Fig.
3B and D), Dct::LacZ/°; Tyr::Cre/°;
Notch1flox/�; Notch2flox/flox (Fig. 3C
and E) and Dct::LacZ/°; Tyr::Cre/°;
Notch1flox/flox; Notch2flox/flox (not
shown) embryos. We next analyzed
the presence of melanocytes after
birth according to the hair cycle (Fig.
4A). At 9 days, when hair morpho-
genesis is completed, histological
analysis of Dct::LacZ/°; Tyr::Cre/°;
Notch1flox/�; Notch2flox/flox dorsal
skin revealed that both control and

mutant hair matrix contained pig-
ment and Dct-expressing melanocytes
(Fig. 4B and C). However, at this stage
(P9), a decrease in the number of me-
lanocytes in the lower permanent por-
tion (LPP) of mutant hair follicle could
be observed. Nevertheless, an effect of
Notch deletion on mature melanocytes
in the bulb cannot be excluded since a
slight difference in the coat color was
already observed at the age of 3 weeks
(Fig. 2B). During the following telogen
phase (3 weeks, Fig. 4D and E), and
anagen phase (4.5 weeks, Fig. 4F and
G), differences became more obvious,
as most mutant hair follicles com-
pletely lacked Dct-expressing cells. In
addition, although mice retained a
significant amount of hair pigment at
this age (Fig. 2C and D), no pigmen-
tation was found in the mutant hair
bulbs after their first regeneration
(Fig. 4G). Loss of pigmentation was
progressive as hairs might still con-
tain melanin while already lacking
melanocytes in the bulb. Moreover, a
few pigmented hairs might be suffi-
cient to provide gray color to the coat.
These results thus underline the re-
quirement of signaling mediated by
Notch1 and Notch2 in the mainte-
nance of melanoblasts and melanocyte
stem cells after birth.

Tyr::Cre-Mediated Deletion of
Notch1 and Notch2 Does Not
Affect Non-Follicular
Melanocytes

In adult mice, neural crest–derived
melanocytes are also found in the der-
mis, especially in the ear, and in the
eye (choroid, ciliary body, and iris).
We, therefore, analyzed the presence
of melanin on ear and eye sections of
control and mutant mice knowing that
the Tyr::Cre transgene is expressed in
these non-follicular melanocytes. At 3
weeks, Tyr::Cre/°; Notch1flox/�;
Notch2flox/flox ears (Fig. 5B) displayed
wild-type pigmentation as in control
mice (Fig. 5A). In contrast to hair fol-
licles, ears from adult Tyr::Cre/°;
RBP-J�flox/flox (Fig. 5F), Tyr::Cre/°;
Notch1flox/�; Notch2flox/flox (Fig. 5D)
and Tyr::Cre/°; Notch1flox/flox;
Notch2flox/� (Fig. 5E) mice are pig-
mented as controls (Fig. 5C). Simi-
larly, pigmentation of the choroid
layer was not influenced by the mela-
nocyte-specific deletion of Notch1 and

Notch2 in Tyr::Cre/°; Notch1flox/�;
Notch2flox/flox eyes (Fig. 5G–L). As ex-
pected, the retinal pigment epithe-
lium of mutant eyes was equally not
affected since the artificial tyrosinase
promoter used to drive expression of
Cre recombinase is not active in this
tissue (Camacho-Hubner and Beer-
mann, 2001; Murisier and Beermann,
2006; unpublished observation).

DISCUSSION

The Notch signaling pathway plays a
critical role in biological processes
such as apoptosis, proliferation, cell
fate decisions (Artavanis-Tsakonas et
al., 1999), and self-renewal of stem
cells (reviewed in Radtke et al., 2005).
RBP-J�-dependent Notch signaling
via its target gene Hes1 has been re-
cently shown to be implicated in the
maintenance of melanoblasts and me-
lanocyte stem cells (Moriyama et al.,
2006). Although these studies clearly
demonstrate that Notch signaling is
important for survival of melanoblast
stem or progenitor cells, it is not
clear which of the four Notch recep-
tors mediates this function. The
Notch3 and Notch4 receptors seem
to be dispensable for pigmentation
since Notch3�/� and Notch4�/� mu-
tant mice are viable and do not dis-
play any coat color phenotype (Krebs
et al., 2000, 2003; reviewed in Louvi et
al., 2006). We, therefore, addressed
the role of Notch1 and/or Notch2 using
conditional gene ablation strategies.
Our results reveal that both Notch1
and Notch2 receptors are required for
proper hair pigmentation since their
targeted deletion in melanocytes leads
to inactivation of the RBP-J� gene,
which mediates Notch signaling of all
receptors.

The coat color phenotype was dose-
dependent, and three intact alleles of
Notch1 and Notch2 were required for
preventing precocious hair graying.
The expression pattern of activated
Notch1 in Dct-positive melanoblasts
suggests an important role for Notch1
signaling during melanoblast develop-
ment (Moriyama et al., 2006). Surpris-
ingly, inactivation of Notch1 in mela-
noblasts revealed a slightly weaker
phenotype compared to inactivation of
the Notch2 gene. This result suggests
a more significant contribution of
Notch2 in the maintenance of melano-
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cyte stem cells and pigmentation in
hair follicles.

Nevertheless, our observations re-
veal that Notch1 and Notch2 have
mostly overlapping functions in the
pigmentary system. Similarly to the
described redundancy between
Notch1 and Notch4 during embryo-
genesis (Krebs et al., 2000), mice with
combined deletion of Notch1 and
Notch2 (Fig. 1I and J) display a more
severe phenotype than mice lacking
only Notch2 in melanocytes. This is in
contrast with other systems where
Notch1 and Notch2, although ex-
pressed in the same cells, have non-
redundant functions. For example, in
the skin, conditional deletion of
Notch1 in the embryonic ectoderm
(Msx2::Cre/°; Notch1flox/flox) results in
a mosaic pattern of hair growth,
whereas Msx2::Cre/°; Notch2flox/flox

mice are undistinguishable from wild-
type (Pan et al., 2004). Other exam-
ples include the hematopoietic sys-
tem, in which Notch1 plays a critical
role in intrathymic T-cell develop-
ment, whereas Notch2 signaling is es-
sential for development of marginal
zone B-cells (Robey et al., 2004; Wu,
2006).

Inactivation of RBP-J� in the mela-
nocyte lineage leads to a decrease in
the number of melanoblasts already
at E16.5, and these cells almost com-
pletely disappear from mutant hair
follicles at P4 (Moriyama et al., 2006).
Similarly, deletion of Notch1 and
Notch2 results in the elimination of
pigment cell precursors after birth
without, however, affecting the num-
ber of melanoblasts at embryonic

Fig. 2. Increasing hair graying follows deletion of Notch in melanocytes. First coat in Tyr::Cre/°;
Notch1flox/�; Notch2flox/flox mice is only slightly affected by the targeted deletion of Notch receptors in
melanocytes (A, 7 days, control newborn is indicated by *; B, 3 weeks). Later, at 7 weeks (C), the coat is
completely gray and becomes progressively lighter with increasing age (D, 16 weeks; E, 23 weeks). After 7
months (31 weeks), the coat is white (F) and hairs are undistinguishable from albino (Tyrc) hairs. The age of
mice in days (d) and weeks (w) is indicated. G: As compared with albino (Tyrc) hairs, the loss of pigmentation
is evident in enlarged (63�) gray and white hairs of 12.5-week-old mutant mice. A wild-type hair of a
C57BL/6 mouse is shown as a control. H: Spectrophotometric measurement indicates a progressive
decrease of the melanin content to the level of albino (Tyrc) hairs. Note the reduced melanin content in mice
heterozygous for Notch1 and Notch2. N1� � Tyr::Cre/°; Notch1flox, N2� � Tyr::Cre/°; Notch2flox.

Fig. 3. Number and migration of Dct-expressing
cells are not influenced by targeted deletion of
Notch1 and Notch2 in melanocytes. Removal of
Notch1 and Notch2 receptors does not affect
the melanoblast population at embryonic
stages. A: Dct::LacZ staining in melanoblasts
reflects the Cre-mediated recombination by
Tyr::Cre. Equal areas of LacZ staining were
counted between somites 13 and 24 in
Tyr::Cre/°; R26R/� and Dct::LacZ/° embryos at
E13.5 (n � 10). The number of melanoblasts in
Tyr::Cre/°; R26R/� embryos was set to 100%.
B–E: As compared with control embryos (B and
D), a normal density of melanoblasts is ob-
served in Dct::LacZ/°; Tyr::Cre/°; Notch1flox/�;
Notch2flox/flox embryos (C and E) at E13.5 and
E16.5. N1� � Dct::LacZ/°; Tyr::Cre/°;
Notch1flox, N2� � Dct::LacZ/°; Tyr::Cre/°;
Notch2flox.
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stages. The loss of melanocytes due to
the deletion of Notch1 and Notch2 al-
leles could be caused by an apoptotic
mechanism as described for the elim-
ination of melanoblasts and melano-
cyte stem cells in Tyr::Cre/°; RBP-
J�flox/flox mice (Moriyama et al., 2006).
Another well-documented function of

Fig. 4.

Fig. 5.

Fig. 4. Deletion of Notch1 and Notch2 recep-
tors results in the elimination of pigment and
melanocytes in hair follicles. Histological anal-
ysis of Dct::LacZ/°; Tyr::Cre/°; Notch1flox/�;
Notch2flox/flox and control hair follicles at differ-
ent stages of the hair cycle (A) reveals a deple-
tion of melanocyte precursors and thus the ab-
sence of pigmentation after the first
regeneration of hair follicles. B,C: At 9 days,
Tyr::Cre/°; Notch1flox/�; Notch2flox/flox hair folli-
cles (C) contain a normal amount of pigment as
compared with control (B). However, while Dct-
expressing cells are still detectable in mutant
bulbs, they almost completely disappear from
the bulge region and the ORS (arrows) in mu-
tant hair follicles. D,E: In the telogen (3 weeks),
mutant hair follicles lack Dct-expressing cells in
the LPP, while they are still present in control
follicles (D, control; E, Dct::LacZ/°; Tyr::Cre/°;
Notch1flox/�; Notch2flox/flox). Only a few Dct-ex-
pressing cells are seen in mutant hair bulbs.
F,G: Melanocyte-specific deletion of Notch1
and Notch2 results in a complete absence of
pigment and Dct-positive cells during anagen
(4.5 weeks; F, control; G, Dct::LacZ/°;
Tyr::Cre/°; Notch1flox/�; Notch2flox/flox). The age
of mice in days (d) and weeks (w) is indicated.
Scale bars � 100 	m in B, C, F, and G, and �
50 	m in D and E. N1� � Dct::LacZ/°;
Tyr::Cre/°; Notch1flox, N2� � Dct::LacZ/°;
Tyr::Cre/°; Notch2flox.

Fig. 5. Targeted deletion of Notch1 and Notch2
does not affect pigmentation in non-follicular
melanocytes in the dermis and the choroid.
A,B: Dermal pigmentation in ears of 3-week-old
mice is not affected by the deletion of Notch1
and Notch2 in melanocytes. Moreover, LacZ
staining reveals the presence of Dct-expressing
melanocytes (arrows) in both control and mu-
tant ears (A, control; B, Dct::LacZ/°; Tyr::Cre/°;
Notch1flox/�; Notch2flox/flox). C–F: In contrast to
hair follicles, dermis of mutant ears still contains
a normal amount of pigment at 9 months (C,
control; D, Tyr::Cre/°; Notch1flox/�; Notch2flox/

flox; E, Tyr::Cre/°; Notch1flox/flox; Notch2flox/�; F,
Tyr::Cre/°; RBP-J�flox/flox). G–L: Histological
analysis of the eye reveals that the choroidal
layer (arrows) remains normally pigmented
when Notch1 and Notch2 alleles are deleted in
melanocytes (G, I, and K, controls; H, J, and L,
Tyr::Cre/°; Notch1flox/�; Notch2flox/flox). The age
of mice in days (d) and weeks (w) is indicated. In
addition, Dct-expressing cells are detectable in
the retinal pigment epithelium by LacZ staining
on eye sections of control and Dct::LacZ/°;
Tyr::Cre/°; Notch1flox/�; Notch2flox/flox mice (I
and J). Scale bars � 50 	m. N1� � Tyr::Cre/°;
Notch1flox, N2� � Tyr::Cre/°; Notch2flox, RBP�

� Tyr::Cre/°; RBP-J�flox.
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the Notch cascade is its ability to in-
fluence cell fate decisions at develop-
mental branch points. Examples in-
clude the nervous system, the
hematopoietic system, or the pancreas
(Hansson et al., 2004). In particular,
Notch signaling has been shown to in-
hibit neurogenesis while promoting
glial cell fate (Lai, 2004; Lundkvist
and Lendahl, 2001; Gaiano and
Fishell, 2002; Ge et al., 2002). Since
pluripotent neural crest cells can give
rise to multiple cell fates such as me-
lanocytes, neurons, and glial cells (re-
viewed in Christiansen et al., 2000), it
cannot be ruled out, even though un-
likely, that deletion of Notch1 and
Notch2 favors the development of an-
other cell fate at the expense of the
melanocyte lineage.

Finally, pigmentation mediated by
non-follicular melanocytes seemed not
to be affected by the absence of
Notch1, Notch2, or RBP-J� as mela-
nin was still observed in the dermis
and choroid at late developmental
stages. This could be explained by a
lack of Cre expression in non-follicular
melanocytes in Tyr::Cre mice. How-
ever, this is rather unlikely, since the
tyrosinase regulatory elements are
known to target expression to all me-
lanocytes (Camacho-Hubner and
Beermann, 2001). Moreover, when
used in combination with other target
genes (V.D. and L.L., personal com-
munication), the same Tyr::Cre trans-
genic line leads to melanocyte-specific
recombination as evident by unpig-
mented ears or malformed choroid. In
consequence, our results might sug-
gest that maintenance of melano-
blasts in hair follicles and in the cho-
roid or ear is regulated by distinct
molecular mechanisms. Alternatively,
self-renewal of the melanocyte popu-
lation in the dermis and the choroid
might be much slower compared to
melanocytes in the hair follicle, which
would preclude the observation of a
phenotype.

In conclusion, our results demon-
strate that, although deletion of
Notch2 in melanocytes resulted in a
slightly stronger phenotype, both
Notch1 and Notch2 receptors have
mostly redundant functions in the pig-
mentary system. Notch1 and Notch2
signaling maintains survival of mela-
nocyte stem cells in hair follicles
through a RBP-J�-dependent mecha-

nism. In contrast, maintenance of pig-
mentation in the dermis and the cho-
roid might be regulated through a
distinct mechanism since it is not af-
fected by the disruption of the Notch
signaling pathway.

EXPERIMENTAL
PROCEDURES

Mice and Genotyping

Tyr::Cre transgenic mice were mated
to RBP-J�flox/flox mice (Tanigaki et al.,
2002), Notch1flox/flox mice (Radtke et
al., 1999) and Notch2flox/flox mice (Bes-
seyrias et al., unpublished data).
Tyr::Cre/°; RBP-J�flox/flox mice and
Tyr::Cre transgenic mice carrying
floxed alleles of Notch1 and Notch2
were kept on a mixed genetic back-
ground with 
75% contribution of
C57BL/6. All mice used for breeding
and analyses were pigmented (Tyr�),
nonagouti (a) and black (Tyrp1�). In
the experimental analyses, litter-
mates not expressing the Tyr::Cre
transgene were used as control mice.
Genotyping of mice was performed on
DNA isolated from tail biopsies using
standard PCR buffer composition and
reaction (Porret et al., 2006). PCR re-
actions were terminated by a 10-min
final incubation at 72°C. The Tyr::Cre
transgene (0.4 kb fragment) was de-
tected by PCR (30 sec at 94°C, 1 min
at 57°C, 1 min at 72°C, 30 cycles) us-
ing primers 5�-CCT GGA AAA TGC
TTC TGT CCG-3� and 5�-CAG GGT
GTT ATA AGC AAT CCC-3�. For de-
tection of the floxed (0.35 kb) and wild-
type (0.3 kb) alleles of Notch1, PCR
amplification (1 min at 93°C, 1 min at
56°C, and 1 min at 72°C, 40 cycles)
was done using primers 5�-CTG ACT
TAG TAG GGG GAA AAC-3� and 5�-
AGT GGT CCA GGG TGT GAG TGT-
3�. For Notch2, a 0.25-kb (wild-type)
and a 0.3-kb (floxed) fragment were
obtained (primers 5�-GAG AAG CAG
AGA TGA GCA GAT G-3� and 5�-GTG
AGA TGT GAC ACT TCT GAG C-3�).
Wild-type (0.45 kb) and floxed (0.55
kb) alleles of RBP-J� were detected
using primers 5�-GTT CTT AAC CTG
TTG GTC GGA ACC-3� and 5�-GCT
TGA GGC TTG ATG TTC TGT ATT
GC-3� (wild-type) and primers 5�-GAA
GGT CGG TTG ACA CCA GAT
AGC-3� and 5�-GCA ATC CAT CTT
GTT CAA TGG CC-3� (floxed). The

Dct::LacZ transgene (0.45 kb) was
identified by PCR (45 sec at 94°C, 30
sec at 61°C, and 45 sec at 72°C, 30
cycles) using LacZ-specific primers
(5�-TCG TCT GCT CAT CCA TGA
CC-3� and 5�-GAT TTC CAT GTT
GCC ACT CG-3�). Primers and condi-
tions for detection of R26R mice have
been published previously (Soriano,
1999).

Relative Melanin Content

Melanin was extracted from dorsal
hairs (1.5 mg) by alkali treatment (1.5
ml of 1M NaOH, 4 hr at 85°C). Rela-
tive melanin content was determined
by spectrophotometric measurement
at 475 nm. Each hair sample was mea-
sured in triplicate and normalized
with values obtained for albino (Tyrc)
hairs. The time-dependent decrease of
melanin was depicted by linear re-
gression.

Whole Mount Embryo LacZ
Staining

Embryonic day (E)0.5 was determined
at noon of the day of detection of a
vaginal plug. LacZ staining was es-
sentially done as previously described
(Porret et al., 2006; Schmidt et al.,
1998). Embryos at E13.5 and E16.5
were dissected free of extraembryonic
tissues, washed in PBS, and fixed in
4% paraformaldehyde for 1 hr on ice.
After two washes with PBS, the em-
bryos were incubated in permeabiliza-
tion solution (0.1 M phosphate buffer
pH 7.3, 2 mM MgCl2, 0.01% desoxy-
cholate, 0.02% NP40) twice for 1 hr at
RT. They were then incubated in
staining solution (3.33 mM potassium
ferricyanid, 3.33 mM ferrocyanid, 20
mM Tris HCl, pH 7.4, 0.66 mg/ml X-
Gal in permeabilization solution) for
4–6 hr at 37°C. After two washes in
PBS, the embryos were post-fixed for
4–8 hr in 4% paraformaldehyde at
4°C.

Histological Analysis

Dorsal skin was harvested from the
right side of the spinal cord, in the
region between the two limbs, and
washed in PBS. It was then embedded
in OCT and frozen on dry ice and kept
at �70°C. Cryosections (8 	m) were
fixed (3 min, 2% paraformaldehyde,
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0.125% glutaraldehyde in PBS),
washed three times (2 mM MgCl2 in
PBS), and treated two times in perme-
abilization solution (2 min, 0.1 M
phosphate buffer, pH 7.3, 2 mM
MgCl2, 0.01% desoxycholate, 0.02%
NP40). Sections were then stained
(3.33 mM potassium ferricyanid, 3.33
mM ferrocyanid, 20 mM Tris HCl, pH
7.4, 0.66 mg/ml X-Gal in permeabili-
zation solution) overnight at RT.
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