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We studied the roles of Notch, Delta, and Serrate in vertebrate epithelial appendage morphogenesis using feather as a
model and found the following. (1) C-Notch-1, C-Delta-1, and C-Serrate-1 are not expressed at the early placode stage and
are therefore not involved in the determination of bud versus interbud compartments. (2) From symmetric short buds to
asymmetric long buds, C-Delta-1 and C-Serrate-1 are expressed in the posterior bud mesenchyme in a nested fashion,
while C-Notch-1 is expressed as a stripe perpendicular to the anterior–posterior (A–P) axis and positioned posterior to the
midpoint. (3) Epithelial–mesenchymal recombination with rotation led to the disappearance of these genes followed by
their reappearance with new positions appearing to predict their new morphological orientation. (4) Conditions leading to
branched buds (e.g., recombination of later buds) show polarized staining patterns before branching occurs. (5) Conditions
leading to symmetrical round buds (e.g., treated with the protein kinase A agonist forskolin) suppress expression of all
three genes. These results lead us to hypothesize that Notch, Delta, and Serrate are involved in establishing the A–P
asymmetry of feather buds. q 1997 Academic Press

INTRODUCTION and posterior domains. What are the molecules involved in
these processes?

Epithelial appendage morphogenesis involves a series of Notch and its ligands Delta and Serrate are transmem-
fate determination processes that progressively transform a brane proteins shown to be involved in regulating cell fate
homogeneous epithelial sheet into complex structures. We commitment in several developmental models (reviewed
have been using feather development as a model to study in Artavanis-Tsakonas et al., 1995; Lewis, 1996). In a field
this process (Chuong, 1993). At the placode stage, the fate of of equivalent precursor cells, activated Notch maintains
the epithelium is separated into placodal and interplacodal cells in an undifferentiated state, while cells with inactive
regions. At the short-bud stage (when the bud height is Notch are allowed to differentiate. In Drosophila, the
shorter than the base), the buds protrude out of the surface Notch pathway is involved in neurogenesis through lat-
but remain symmetrical. At the long-bud stage (when the eral inhibition (Artavanis-Tsakonas et al., 1995) and in
bud height is longer than the base), the buds elongate and wing patterning by the control of position-specific cell
become asymmetrical by slanting posteriorly. Therefore proliferation (Speicher et al., 1994). Notch and related
during these developmental stages, the presumptive skin is genes are expressed in developing (Weinmaster et al.,
first divided into periodically arranged bud and interbud 1991, 1992; Shawber et al., 1996) and mature (Kopan and
domains, then the bud domain is subdivided into anterior Weintraub, 1993) rodent hair follicles. These results sug-

gest that Notch may play roles in vertebrate epithelial fate
determination. How Notch and related molecules may be1 To whom correspondence should be addressed. Fax: (213) 342-

3049. E-mail: cmchuong@zygote.hsc.usc.edu. involved in the early stages of skin appendage develop-
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ment has not been explored. In this report, we studied the mesenchyme near the posterior edge and extends in
the anterior direction, which is manifested as a transitiontheir roles in early feather development and found evi-

dence suggesting that the Notch signaling pathway may from a crescent to a half-moon staining pattern (Fig. 1A*).
As the buds start to elongate, C-Delta-1 disappears com-be involved in anterior–posterior (A–P) axis determina-

tion in chicken feather buds. pletely (Fig. 1B*). C-Delta-1 is always negative in the epi-
thelium.

C-Serrate-1 is also absent until the short-bud stage,
then appears in the posterior mesenchyme of short budsMATERIALS AND METHODS
in a fashion similar to that of C-Delta-1 (Figs. 1A9–1E9).
From the top, C-Delta-1 and C-Serrate-1 appear to haveEggs from SPAFAS (Norwich, CT) were used and staged ac-
overlapping expression domains at the short-bud stagecording to Hamburger and Hamilton (1951). C-Notch-1, C-Delta-
(Figs. 1C* and 1C9). These particular sections show that1, and C-Serrate-1 in situ probes are from Myat et al. (1996). Whole-

mount in situ hybridization and paraffin section in situ hybridiza- C-Serrate-1 occupies a smaller domain than C-Delta-1
tion were carried out according to procedures described in Nieto (Figs. 1E* and 1E9). However, the nested relationship
et al. (1996). Epithelial–mesenchymal recombination with rotation shifts during development and comparison of precise
is described in Chuong et al. (1996). Forskolin-treated skin explant compartment borders will depend on future double in
culture is described in Noveen et al. (1995a). BrdU labeling is de- situ hybridization. At the long bud stage, C-Serrate-1 be-
scribed in Noveen et al. (1995b).

comes localized to the proximal posterior region of the
bud (Fig. 1B9).

The absence of these three genes at the early placode
RESULTS AND DISCUSSION stage precludes the possibility that C-Notch-1, C-Delta-

1, and C-Serrate-1 are involved in the initiation of feather
C-Notch-1, C-Delta-1, and C-Serrate-1 Are Absent primordia. However, it is possible that other forms of
in the Placode Stage but Are Expressed in Notch, Delta, and Serrate (Weinmaster et al., 1992; Myat
Restricted Patterns in Posterior Compartments et al., 1996; Shawber et al., 1996) may be involved at the
When Feather Buds Appear early stages.

Section in situ hybridization showed that C-Delta-1We used whole-mount and paraffin section in situ hybrid-
and C-Serrate-1 are restricted to the mesenchyme (Figs.ization to examine the expression of C-Notch-1, C-Delta-
1E* and 1E9). C-Notch-1 is mainly in the mesenchyme1, and C-Serrate-1 from stage 29 to 36 chicken embryos
with weaker staining in the epithelium (Fig. 1E). The(Fig. 1). Since feathers start from the midline and propagate
molecular subdivision of feather buds into several anteri-laterally, there is a spectrum of developmental stages start-
orly–posteriorly arranged compartments by Notch,ing from the lateral edge. C-Notch-1 is absent in the flat
Delta, and Serrate strongly suggests that they are in-epithelium and placodes and does not appear until the short-
volved in establishing A–P asymmetry. These compart-bud stage (Figs. 1A–1E). From the top view, C-Notch-1 is
ments may then show characteristic cellular behaviorexpressed most remarkably as a center stripe (about 70 mm
such as differential cell proliferation that can contributein width, or five to seven cells wide). This stripe is perpen-
to the asymmetric shaping of the buds. For example, ifdicular to the future A–P axis of the bud, which is still
cells in the posterior bud proliferate faster than cells inround and symmetrical at this stage (Figs. 1A and 1C). In
the anterior bud, there will be more expansion in theaddition, there is faint expression throughout the posterior
posterior domain and the bud will slant. In accord withhalf and in a stronger crescent along the posterior margin.
this hypothesis, we observed preferential distribution ofThis expression is transient. As feather buds elongate, C-
S-phase cells in the posterior feather bud epithelia andNotch-1 expression becomes weak and is diffusely distrib-
mesenchyme using BrdU labeling (Fig. 1F; also see Des-uted (Fig. 1B).
biens et al., 1992).C-Delta-1 is also absent in the placodes and starts to

appear at the short-bud stage (Figs. 1A*–1E*). It starts in Several experimental conditions can perturb feather A–

FIG. 1. Expression pattern of C-Notch-1, C-Delta-1, and C-Serrate-1 in developing feather buds. In situ hybridization of chicken dorsal
skin explants. C-Notch-1 (A–E), C-Delta-1 (A*–E*) and C-Serrate-1 (A9–E9). Feather buds from placode stage (PL), short-bud stage (SB), and
long-bud stage (LB) are shown. Anterior is to the left. Whole mount: A–A9, stage 33. B–B9, stage 36. White arrows in A–B9 line up with
the middle row of each skin explant. Note there is a maturation gradient from the midline to the lateral rows. C–C9, enlarged short buds,
with dotted lines placed outside the epithelial border of the bud. Note feather primordia of different stages show different expression
patterns. Most dramatic is the mid C-Notch-1 stripe and the posterior mesenchymal nested pattern of C-Delta-1 and C-Serrate-1 at the
short-bud stage. Sections: D–D9, placode stage. C-Notch-1, C-Delta-1, and C-Serrate-1 are absent. E–E9, short-bud stage. C-Notch-1 is
mainly in the mesenchyme and weakly in the epithelium. C-Delta-1 and C-Serrate-1 are only in the mesenchyme. In the C-Notch-1
panel, the straight arrow indicates the midline stripe, and the arrowheads point to the posterior crescent. The dotted lines mark the
epithelial boundary over a feather bud. BrdU labeling: F, populations of S-phase cells are preferentially localized in the posterior epithelium
and mesenchyme of the short feather buds.
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P axial orientation. If molecules of the Notch pathway fashion. In 72 hr, the regenerated buds elongate and become
morphologically asymmetric (Fig. 2B* inset). The A–P axisare involved in determining the A–P axis, their expres-

sion should be polarized before altered morphological is set in the direction as predicted by the positions of C-
Notch-1, C-Delta-1, and C-Serrate-1.asymmetry.

Branched buds. When recombination/rotation was car-
ried out on explants from stage 34 embryos, many branched

C-Notch-1, C-Delta-1, and C-Serrate-1 Expression feather buds formed (Fig. 2C). We then examined the expres-
Is Regulated by Epithelial and Mesenchymal sion of these genes under this experimental condition. At
Interactions and the New Polarized Expression 10 hr after recombination, we observed bipolar and even
Pattern Precedes Morphological Asymmetry tripolar expression of C-Delta-1 in the round buds (Fig. 2C*),
Following Recombination as a prelude for the subsequent branched feather bud forma-

tion. When recombination/rotation was carried out on skinsRotated buds. Epithelium and mesenchyme from skin
explants can be separated and recombined. Old feather buds from stage 35 embryos, the mesenchymal orientation of the

more mature buds (those flanking the midline of the ex-will disappear and new buds will form. To test the origin
of the orientation activity, we can rotate the relative posi- plant) becomes resistant to change; however, the lateral

mesenchyme is still receptive to the orientation signalstions of the epithelia and mesenchyme, recombine them,
and then culture the recombined explants. When this was from the epithelia (Fig. 2C9). At stage 35, long feather buds

have formed in regions flanking the midline of the explant,done on skins from stage 29 to 33, the locations of the
new feather buds were in accord with the original dermal while the rest of the skin is mainly composed of short

feather buds. This suggests that dermal condensations up tocondensations, but their A–P orientation was in accord
with the original epithelium (Novel, 1973; Chuong et al., the short-bud stage are flexible and can respond to epithelial

signals to set up new orientations. As they mature into long1996). We examined the expression of C-Notch-1, C-Delta-
1, and C-Serrate-1 following a 907 rotation (Figs. 2A–2B9). feather buds, the flexibility of the mesenchyme is gradually

lost and the orientation signals shift from the epitheliumThree hours following the recombination, C-Notch-1 and
C-Delta-1 have disappeared, and the C-Serrate-1 transcript to the mesenchyme. In the middle of this transition, when

the epithelium and the mesenchyme have about equal ori-is reduced and will disappear. Naked mesenchyme (to the
right of the dashed lines in Figs. 2A–2B9) also lose their C- entation signals, branched buds form.
Notch-1, C-Delta-1, and C-Serrate-1 transcripts but, sur-
prisingly, at a slower rate. These results suggest that the

Protein Kinase A (PKA) Agonists Lead to Roundmaintenance of C-Notch-1, C-Delta-1, and C-Serrate-1 re-
Symmetric Buds That Lack the Expression of C-quires the interactions between epithelia and mesenchyme,
Notch-1, C-Delta-1, and C-Serrate-1and that epithelium not directly above the Notch stripe

may have a negative effect on the mesenchymal expression Symmetric buds. PKA agonists such as cAMP and for-
skolin can enhance dermal condensations and inhibitof Notch.

Thirty hours after recombination, when the buds are still feather bud elongation. The phenotype is discrete short
round buds (Noveen et al., 1995a). If the Notch pathway isround and symmetrical, C-Notch-1, C-Delta-1, and C-Ser-

rate-1 are expressed asymmetrically. For C-Notch-1, the involved in setting up the A–P axis, we predict that there
should be a suppressed or diffuse expression of C-Notch-1,central stripe is now reoriented to be perpendicular to the

new cephalic–caudal orientation of the epithelium. Simi- C-Delta-1, and C-Serrate-1 in the round feather buds in this
type of skin explant. Indeed we observed the normal stripelarly, C-Delta-1 and C-Serrate-1 reappeared in a polarized

FIG. 2. Expression of C-Notch-1, C-Delta-1, and C-Serrate-1 in experimentally manipulated feather buds. Rotated buds: A–B9, epithelial
(E)–mesenchymal (M) recombination with 907 rotation was performed on skin from stage 33 embryos. Whole-mount in situ hybridization
using C-Notch-1 (A, B), C-Delta-1 (A*, B*), and C-Serrate-1 (A9, B9) probes on explants fixed at 3 (A–A9) and 30 hr (B–B9) after recombination.
Thin arrows point to the posterior end of the epithelium or mesenchyme. The dashed lines mark the border of the recombined epithelium.
Regions to the right of the line are naked mesenchyme. Broad arrows point to the posterior of regenerated feather buds when they elongate
in 3 days (inset in B*). Note the disappearance and reappearance of C-Notch-1, C-Delta-1, and C-Serrate-1. Branched buds: C–C9, E–M
recombination with rotation was carried out on skin from stage 34 embryos. C, phase contrast photograph of the explant after 5 days of
culture shows many branched feather buds (*). Whole-mount in situ hybridization using C-Delta-1 probe (C*, 10 hr after recombination)
show bipolar (*) and tripolar (,) expression. C9, E–M recombination with 907 rotation was carried out on skin from stage 35 embryos.
Mesenchyme flanking the midline (white arrow) are more mature and maintain original orientations. Mesenchyme toward the lateral
edge (top) are still flexible and follow the orientation of the epithelia. Symmetric buds: D–E9, skin explants were not treated (D, D*) or
treated (E, E*) with the PKA agonist, forskolin (20 mM ). The explants were hybridized with C-Notch-1 (D, E) and C-Delta-1 (D*, E*) 18 hr
after culture. Note the disappearance of C-Notch-1 and C-Delta-1. The buds remain round and short 5 days after culture (inset in E*). A
working model: F, events are listed in time sequence. Question marks indicate that a causal relationship is not established. The nature
of epithelial A–P positional information remains to be determined and may involve PKA, Wnt 7a, gap junction communication (Serras
et al., 1993), or other molecular activities.
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and posterior expression of C-Notch-1, C-Delta-1, and C- pressing molecules in the Notch pathway with retroviral
gene transduction. We will also analyze cell lineage andSerrate-1 in control explants, but a lack of their expression

in forskolin-treated explants 18 hr after culture (Figs. 2D– trafficking in the forming buds with lineage tracer labeling.
It is surprising that C-Notch-1, C-Delta-1, and C-Serrate-2E* and not shown). Five days later, while control buds have

elongated (similar to Fig. 2B* inset), the forskolin-treated 1 are not involved in the early specification between primor-
dia and interprimordial regions. However, there are multi-buds are still round and short (Fig. 2E*, inset). Thus, the

polarized expression of C-Notch-1, C-Delta-1, and C-Ser- ple members of Notch and related signaling molecules
(Weinmaster et al., 1992; Myat et al., 1996; Shawber etrate-1 at the short-bud stage appears to predict the elonga-

tion and the axial orientation of this elongation at the long- al., 1996) that may act at different stages during feather
morphogenesis. Further work is required to determine howbud stage.

The phosphorylated cyclic AMP-responsive enhancer the expression domains of these molecules are lined up (jux-
taposed, overlapped, or apart?) and interpreted by local cells.binding protein (pCREB) can be detected by antibody stain-

ing and used as an indicator of PKA activity. pCREB is The sharing of Notch signaling molecules in Drosophila
and avian epithelial appendage morphogenesis further dem-preferentially expressed in the anterior short bud (Fig. 1C

of Noveen et al., 1995a) at about the time C-Notch-1, C- onstrates the fundamental nature of this signaling mecha-
nism. Elucidation of these processes will advance our under-Delta-1, and C-Serrate-1 are preferentially expressed in the

posterior mesenchyme. Thus it is possible that activation standing in the intricate patterning of feathers.
of PKA may downregulate Notch, Delta, and Serrate expres-
sion in the anterior bud. Speculatively, we may view the
cAMP-treated buds as completely ‘‘anteriorized’’ by elimi- ACKNOWLEDGMENTS
nating the Notch pathway and the posterior compartment.

This report sets the base to pursue many interesting is- We thank Drs. Julian Lewis, Domingos Henrique, and Anna Myat
sues regarding the establishment of A–P asymmetry in for providing in situ probes to C-Notch-1, C-Delta-1, and C-Serrate-

1. We thank Dr. Randall B. Widelitz for help in discussion andfeather buds. It is apparent now that this event does not
computer graphics. We thank Mr. Ying-Hsien Kao for excellentoccur until the transition from short-bud to long-bud stage.
technical assistance. This work is supported by grants from NSF,A review of previous data showed that NCAM and Hox C6
NIH, and CTR (C.M.C.).are expressed all over the bud mesenchyme at the short-

bud stage, and only become localized to the anterior mesen-
chyme in long buds when bud morphology is asymmetrical

REFERENCES(Chuong and Edelman, 1985; Chuong et al., 1990). Simi-
larly, Sonic hedgehog is symmetrically expressed in the cen-

Artavanis-Tsakonas, S., Matsuno, K., and Fortini, M. E. (1995).tral placode at the short-bud stage, and only becomes local-
Notch signaling. Science 268, 225–232.ized to the posterior placode at the long-bud stage (Ting-

Chuong, C. M. (1993). The making of a feather: Homeoproteins,
Berreth and Chuong, 1996). Notch, Delta, and Serrate are retinoids and adhesion molecules. BioEssays 15, 513–521.
unique because they are already polarized when buds are Chuong, C.-M., and Edelman, G. M. (1985). Expression of cell adhe-
still round. Two other molecules are asymmetrically ex- sion molecules in embryonic induction. I. Morphogenesis of nest-
pressed at a comparable early stage. One is pCREB in the ling feathers. J. Cell Biol. 101, 1009–1026.

Chuong, C.-M., Oliver, G., Ting, S., Jegalian, B., Chen, H. M., andanterior mesenchyme (Noveen et al., 1995a). The other is
De Robertis, E. M. (1990). Gradient of homeoproteins in devel-Wnt 7a in the posterior placode epithelium (Chuong et al.,
oping feather buds. Development 110, 1021–1030.1996). Whether these molecules are involved in regulating

Chuong, C. M., Widelitz, R. W., Ting-Berreth, S. A., and Jiang, T. X.the expression of Notch, Delta, and Serrate in vivo and
(1996). Early events during the regeneration of skin appendages:which molecule(s) is the initiator of A–P axis determination
Dependence of epithelial–mesenchymal interaction and order ofremain to be determined.
molecular reappearance. J. Invest. Dermatol. 107, 639–646.

Supposing that Notch, Delta, and Serrate are involved in Desbiens, X., Turque, N., and Vandenbunder, B. (1992). Hydrocorti-
establishing the A–P axis, what may be the mechanism? In sone perturbs the cell proliferation pattern during feather mor-
the imaginal wing disc of Drosophila, Serrate has been phogenesis: Evidence for disturbance of cephalocaudal orienta-
shown to mediate position-specific cell proliferation and tion. Int. J. Dev. Biol. 36, 373–380.

Diaz-Benjumea, F. J., and Cohen, S. M. (1995). Serrate signalscontributes to the control of dorsal/ventral patterning
through Notch to establish a wingless-dependent organizer at the(Speicher et al., 1994; Diaz-Benjumea and Cohen, 1995). In
dorsal/ventral compartment boundary of the Drosophila wing.the short feather buds, BrdU labeling is originally homoge-
Development 121, 4215–4225.neously distributed, but later shifts to the posterior region

Hamburger, V., and Hamilton, H. L. (1951). A series of normal(Fig. 1F; Desbiens et al., 1992; Noveen et al., 1995b). One
stages in the development of the chick embryo. J. Morphol. 88,compelling hypothesis is that differential growth of the an-
49–92.

teriorly–posteriorly arranged compartments can lead to an Kopan, R., and Weintraub, H. (1993). Mouse Notch: Expression in
asymmetric morphology (Figs. 1F and 2F). A higher prolifer- hair follicles correlates with cell fate determination. J. Cell Biol.
ation potential may be maintained in cells with an activated 121, 631–641.
Notch pathway. To test this hypothesis, in the future we Lewis, J. (1996). Neurogenic genes and vertebrate neurogenesis.

Curr. Opin. Neurobiol. 6, 3–10.will test whether feather symmetry is altered by misex-

Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.

AID DB 8643 / 6x29$$$122 07-07-97 12:35:56 dbal



187Rapid Communication

Myat, A., Henrique, D., Ish-Horowicz, D., and Lewis, J. (1996). A terns of gap junctional communication in developing chicken
skin. Development 119, 85–96.chick homologue of Serrate and its relationship with Notch and

Shawber, C., Boulter, J., Lindsell, C. E., and Weinmaster, G. (1996).Delta homologues during central neurogenesis. Dev. Biol. 174,
Jagged2: A serrate-like gene expressed during rat embryogenesis.233–247.
Dev. Biol. 180, 370–376.Nieto, M. A., Patel, K., and Wilkinson, D. G. (1996). In situ hybrid-

Speicher, S. A., Thomas, U., Hinz, U., and Knust, E. (1994). Theization analysis of chick embryos in whole mount and tissue
Serrate locus of Drosophila and its role in morphogenesis of thesections. In ‘‘Methods in Cell Biology’’ (M. Bronner-Fraser, Ed.),
wing imaginal discs: Control of cell proliferation. DevelopmentVol. 51, pp. 219–235. Academic Press, San Diego.
120, 535–544.Noveen, A., Jiang, T.-X., and Chuong, C.-M. (1995a). Protein kinase

Ting-Berreth, S. A., and Chuong, C. M. (1996). Sonic hedgehog inA and protein kinase C modulators have reciprocal effects on
feather morphogenesis: Induction of mesenchymal condensationmesenchymal condensation during skin appendage morphogene-
and association with cell death. Dev. Dyn. 207, 157–170.sis. Dev. Biol. 171, 677–693.

Weinmaster, G., Roberts, V. J., and Lemke, G. (1991). A homologNoveen, A., Jiang, T.-X., Ting-Berreth, S. A., and Chuong, C.-M.
of Drosophila Notch expressed during mammalian development.(1995b). Homeobox genes Msx-1 and Msx-2 are associated with
Development 113, 199–205.induction and growth of skin appendages. J. Invest. Dermatol.

Weinmaster, G., Roberts, V. J., and Lemke, G. (1992). Notch2: A104, 711–719.
second mammalian Notch gene. Development 116, 931–941.Novel, G. (1973). Feather pattern stability and reorganization in

cultured skin. J. Embryol. Exp. Morphol. 30, 605–633. Received for publication March 25, 1997
Accepted May 30, 1997Serras, F., Fraser, S., and Chuong, C.-M. (1993). Asymmetric pat-

Copyright q 1997 by Academic Press. All rights of reproduction in any form reserved.

AID DB 8643 / 6x29$$$123 07-07-97 12:35:56 dbal


