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Abstract

Complex skin appendages are built from the epidermal cells through induction, cell fate
specification, proliferation, apoptosis, and differentiation, etc. Here we used the TUNEL assay and
caspase-3 immuno-localization to examine apoptotic events in different stages of feather
morphogenesis. We deduced three modes through which apoptosis may impact morphogenesis. In
Mode 1A, apoptosis occurs within the localized growth zone to regulate growth as seen in
growing buds. In Mode 1B, morphogen secreting cells are present adjacent to localized growth
zones and apoptosis may work as a mechanism to remove such signaling centers. This was seen in
marginal / barbule plate interactions. In Mode 2, keratinocytes apoptosed before terminal
differentiation and left spaces between branches, as seen in the marginal plate epithelia. In Mode
3A, keratinocytes cornified and flaked off between two epidermal layers, thus helping to free skin
appendages as seen in the feather sheath and pulp epithelium. In Mode 3B, keratinized apoptosed
epithelial cells became permanent structures as seen in the rachis and barbs. Thus, the mode of
death has a major impact on epithelial morphogenesis. We further tested the effects of imbalanced
Shh on apoptosis with retroviral mediated transgenic feathers. Shh suppression not only reduces
marginal plate apoptosis and caspase-3 expression, but also causes abnormal differentiation of
barbule plates. Expression of Patched in the barbules, but not the marginal plates, implied that the
previously shown Shh dependent marginal plate apoptosis is mediated through a paracrine
mechanism. New Shh over-expression data showed enhanced proliferation and reduced apoptosis
in barb ridges. This work complements our recent work on the role of shifting localized growth
zones in feather morphogenesis (Chodankar et al., 2003; J. Invest. Dermatol. 120:20), and shows
how adding and removing cell masses in temporally and spatially specific ways are coordinated to
sculpt skin appendages out from epidermal layers.

*Author for correspondence and reprints request: Cheng-Ming Chuong, MD, PhD, Department of Pathology, Univ. Southern
California, HMR 315B, 2011 Zonal Ave, Los Angeles, CA 90033, TEL 323 442 1296, FAX 323 442 3049, cmchuong@usc.edu.
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There are a variety of skin appendages including hair, nails, sweat glands, and mammary
glands in mammals; feathers, scales, claws and beaks in birds. Morphogenesis of skin
appendages involves the topographical transformation of the primarily flat epidermis into
specialized complex structures for specific functions. The morphogenesis of these varied
skin appendages shares common developmental processes including induction, cell fate
specification, proliferation, differentiation, epithelial cycling, and intimate interactions with
the mesenchyme (Chuong, 1998). The role of stem cells (Lavker and Sun, 2000), signaling
molecules (Millar, 2002; Widelitz and Chuong, 2000), cell proliferation (Chodankar et al.,
2003), and differentiation (Ahmad et al., 1998; Ma et al., 2003) have been studied. Cell
proliferation is required to build up cellular mass. Cell rearrangement is required to form
appendage primordia. Differentiation is required to make specialized keratinized structures.
How do these elaborate structures separate and release from the rest of the epidermis to
become independent functional units?

One of the major shaping forces is apoptosis. Apoptosis is an evolutionarily conserved form
of cell death and is an important process for organogenesis. The biochemistry of apoptosis is
well characterized (Hengartner, 2000). Apoptosis can be activated by triggering the death
receptor pathway or the mitochondrial pathway, termed the extrinsic and intrinsic pathways,
respectively. It is characterized by the activation of an evolutionarily conserved proteolytic
system involving initiator and effector caspases (reviewed in Strasser et al., 2000) leading to
the cleavage of an array of cellular substrates including cytoskeletal elements, transcription
factors, and proteins involved in DNA repair, replication, signal transduction, and the cell
cycle. The purpose of the current study is not to dissect these well characterized pathways
further, but to study the diverse roles and distinct consequences of apoptosis in
morphogenesis and organogenesis.

Most apoptosis studies on skin appendages have been performed on hair cycling in mice and
humans (Paus, 1999; Soma et al, 1998) and focused on the destruction of the follicle region
below the bulge. However, the roles of apoptosis during skin appendage development have
not been studied in detail from the viewpoint of morphogenesis. In this study, we examined
the apoptotic events by TdT-mediated dUTP nick end label (TUNEL) staining (Gavrieli et
al. 1992). This technique enables the identification of apoptotic cells in restricted regions
(Stadelmann and Lassmann, 2000). Since caspases mediate apopototic events (Strasser et al.,
2000), we also used the expression of effector caspase-3, which is shared by the TNF
receptor and mitochondria apoptotic pathways, as an additional marker. In a previous study,
we have shown that there are TUNEL positive cells in the developing hair germs and hair
canal of embryonic human skin (Chang et al., 2001). Here we sought to use feather
morphogenesis, an experiment-accessible and complex skin appendage model, to identify
fundamental principles of how apoptotic events are used in different stages of skin
appendage morphogenesis.
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The feather has become a major model for studying skin appendage biology because of its
accessibility to experimentation, distinct morphology and exact temporal sequence of
cellular events (Chen and Chuong, 1999; Chuong et al., 2000). Events sequentially unfold
along the proximal-distal (more differentiated in the distal) axis of the feather filament shaft,
posterior — anterior axis (more differentiated in the anterior) and centrifugal axis within each
barb ridge (more differentiated in the periphery), facilitating a comparison of the timing of
cellular events. Furthermore, we recently developed a technique to transduce exogenous
genes into regenerating feathers (Yu et al., 2002). This allows us to analyze the roles of gene
activities on apoptosis with relevance to keratinocyte proliferation and differentiation.
Because of the specific high expression of Shh in the marginal plate epithelia, we suggested
that Shh might be associated with cell death (Ting—Berreth and Chuong, 1996).
Subsequently, we showed that Shh is involved in feather branching (Yu et al, 2002). Here,
we use this pathway, as an example, to analyze further the roles of balanced molecular
activity in coordinating apoptosis, proliferation, differentiation and hence morphogenesis.
From these results, we are able to deduce both the specific locations and the timing of
apoptosis, relative to the proliferation and differentiation events can have dramatically
different consequences in morphogenesis.

Materials and Methods

Chicken specimens

White Leghorn skin was from embryonic (E9-E18) and newborn chicks. The ulnar side of
the alar wing tract was fixed with 4% paraformaldehyde and paraffin-embedded. Six-
micrometer sections were prepared for staining. Virally transduced feathers were processed
in the same way.

TUNEL staining

TUNEL staining was performed following the recommendations of the manufacturer (In
Situ Cell Death Detection, POD Kit (Roche)). Methyl green (DAKO) was used for
counterstaining when necessary.

Immunohistochemistry and in situ hybridization

Immunohistochemistry was performed as described in Jiang et al., 1992. Anti-chicken
PCNA (clone 424, Clontech, dilution 1:200) and B-catenin (clone 14, BD Transduction,
dilution 1:100, Santa Cruz Biotech) antibodies were each applied on samples, and incubated
overnight, at 4 °C. Antibodies to caspase-3 are from Santa Cruz Biotech. Color was detected
using the LSABII kit (DAKO) or the AEC kit (Vector Laboratories). In situ hybridization
was performed as described in Jiang et al., 1998. Other reagents are listed in Chen and
Chuong, 2000; Ting-Berreth and Chuong, 1996; Yu et al., 2002; and Chodankar et al., 2003.
Some section in situ hybridization was performed using the automated Discovery™ system
(Ventana Medical System) with recommended protocols.

Shh suppression and over-expression

For gene perturbation, RCAS-Shh or RCAS-Shh antisense retrovirus was injected into the
flight feather follicles (primary remiges) as described in Yu et al., 2002. Briefly, feathers of
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2 week old SPF white leghorn chickens are plucked. About 5 pl (108 i.u./ml) of virus
containing medium are injected into the follicle and the follicles were allowed to regenerate.
Three weeks after injection follicles were removed, examined, and dissected for histological
studies. Cyclopamine (kindly provided by Dr. Gaffield), a known Shh pathway inhibitor,
was injected to the shafts of flight feathers, which were at the active growing phase (3 weeks
after feather plucking). About 5 pl (10 pg/ml) was injected to the tip of the feather shaft
using a 27 %2 gauge syringe.

TUNEL staining in developing feather buds and follicles

In growing buds, TUNEL-positive cells were observed in regions of active cell proliferation
(Fig. 1B). During follicle formation, TUNEL-positive cells were in areas of active tissue
remodeling (Fig. 1C). Once the follicle formed, after E13, TUNEL-positive cells were seen
in the follicle sheath (the inner layer of the follicle wall) and the feather sheath (the outer
layer of the follicle) (Fig. 1D, D’). At E16, a clear space was created separating the feather
follicle and follicle dermal sheath (Fig. 1E, E’). TUNEL-positive cells were present in these
terminally differentiated zones. The dermal papilla and other mesenchymal tissues have
much less apoptosis than the epidermis.

Temporal sequence of apoptosis, cell proliferation, differentiation and molecular
expression in feather filament morphogenesis

The next stage is a succession of complex process of “sculpturing” the epidermal layers into
multiple hierarchically arranged branches. Since this may not be a familiar subject, we will
first summarize the known parts in this paragraph. During feather filament growth,
proliferative cells were added to the proximal end of the follicle and there was a proximal —
distal maturation gradient (distal ends were produced earlier and therefore were more
differentiated; Chodankar et al., 2003). The epidermal collar had a cylindrical configuration,
and consisted of a basal layer, intermediate layer, and feather sheath. Surrounding the
cylinder is the follicle sheath (Fig. 1A). Distal to the ramogenic zone, the basal layer starts to
invaginate and evaginate to form barb ridges (Yu et al., 2002). The basal layer on the lateral
side of the barb ridge will form the marginal plate, and the basal layer on the top of the barb
ridge will form the “barb ridge growth zone”, also known as the ramogenic zone since they
later become the ramus (Lucas and Stettenheim, 1972). Here, we will use the term
“ramogenic zone” for the follicle region where ridge formation initiates along the proximal
distal axis. The intermediate layer will form the barbule plate and axial plate. The outer layer
will form the feather sheath (see Fig. 2A). Cross sections revealed that barb ridges were
more mature toward the rachis side (anterior side), thus there was a posterior - anterior
maturation gradient. Within a single barb ridge, the growth zone was located at the tip of the
barb ridge next to the pulp, therefore there was a centrifugal differentiation gradient
(peripheral keratinocytes were more differentiated). The disappearance of marginal plates
led to the separation of barbs, and the disappearance of the axial plates led to the separation
of proximal and distal barbules. A cylinder of pulp is located at the center of the feather
germ. As the barb ridges matured, the inner surfaces of the barb ridge basal epidermis fused
around the pulp to form the pulp epithelium. The death of the pulp epithelial cells enabled
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the cylindrical feather filament to open and form a feather vane. Barb ridges within a single
feather filament cross section usually consist of more than one developmental stage.

To study the progressive differentiation in the feather follicle, we stained sections taken
from different heights along the proximal-distal axis for TUNEL to detect apoptosis, PCNA
for cell proliferation, and feather keratin A expression for differentiation (Fig. 2B, C). These
new data are compared with the published Shh data (Ting-Berreth and Chuong, 1996) for
studying their relative expression sequences (Fig. 2B).

TUNEL staining demonstrated that apoptosis began from the rachis, then progressively
spread bilaterally (Fig. 2B, C). In each barb ridge, apoptosis began from the periphery (close
to the feather sheath) and moved toward the center (pulp). In each barb ridge, TUNEL-
positive cells first appeared in the marginal plates and axial plates, but later also appeared in
the keratinized barbule plates. The rachis is composed of a cortex and medulla. TUNEL-
positive cells were identified in the medulla before the medulla became a hollow structure.
Cells within the rachis and barbs underwent terminal differentiation; they expressed feather
keratin A and apoptosed. The keratinized structures remained after the cells died. Later, cells
in the pulp epithelium also became TUNEL positive.

In the collar epithelium, the basal and suprabasal layers showed strong PCNA staining. At
the barb development stage, PCNA was present in the barb ridge keratinocytes. As barb
ridges started to differentiate, PCNA became limited to the growth zone located at the tip of
the barb ridges next to the pulp (Fig. 2B, C). Keratin A was first weakly expressed in the
feather sheath. Later their expression was sequentially enhanced strongly in the rachis,
barbule plate, ramus and finally in the pulp epithelium (Fig. 2B). Cytokeratin | was
expressed to higher levels in the feather sheath than the barbule plate. Hence, proliferation,
differentiation and apoptosis followed a temporal differentiation progression along the
proximal — distal, anterior — posterior, and centrifugal axes.

In the collar epithelium, there was no Shh expression. Shh appeared in the basal cells during
the time of barb ridge formation (Fig. 2B, 3A). As barb ridge formation entered stage [2],
Shh was strongly expressed within the marginal plate. As the barbule plate started to
differentiate, the intensity of Shh in the marginal plate gradually decreased. Marginal plate
cells became flat, lost Shh expression, and underwent apoptosis. While Shh was expressed
in the marginal plate, patched-1, the Shh receptor, was not. Rather it was present in barbule
plate cells (Fig. 3B). This suggests that the role of Shh in apoptosis is indirect. Apoptosis of
the marginal plate appears to be a paracrine process dependent on interactions with the
barbule plates.

Caspase-3 is the effector for both TNF receptor mediated apoptosis and growth factor
deprived Bcl2 related apoptosis (Strasser et al., 2000). Here, we use antibodies to locate its
distribution during branching morphogenesis. We observe it in the marginal plate, feather
sheath, pulp epithelium, and also the axial plate (Fig. 3C, C’). These are the places we
observe TUNEL positive cells (Fig. 2C).
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Shh pathway is involved in the apoptotic events during barb ridge morphogenesis

We showed that Shh is involved in the apoptosis of marginal plate epithelia in our earlier
study by suppression of SHH (Yu et al., 2002). Here, we found that Patched-1 was absent
from the marginal plate but present in the barbule plate epithelia. Therefore, the apoptotic
effect could not be mediated through an autocrine pathway residing in the marginal plate
epithelia, but may result from interactions between the marginal and barbule plate epithelia.

Here we suppressed Shh signaling and further analyze its effects on the homeostasis among
apoptosis, proliferation and differentiation in the barb ridge keratinocytes. We inhibited Shh
with cyclopamine or by transduction of RCAS-anti-sense Shh (Fig. 4A-E). We found that 1)
periodic patterning of barb ridges initiated normally, even though Shh signaling was reduced
(Fig. 4 A, B). 2) However, these barb ridges were abnormal. There was reduced cell
proliferation (PCNA staining) in the basal cells and presumptive barb ridge growth zone
(Fig. 4C). 3) The marginal plates formed abnormally and contained plump cells which did
not become TUNEL positive (Fig. 4C, D left). 4) Without a normal marginal plate, part of
the presumptive barbule plate cells underwent abnormal differentiation and degeneration.
They show patches of TUNEL positive cells (Fig. 4D right). Because the barb ridges formed
abnormally, they could not separate from one another and part of the feather vanes became
continuous sheets (Fig. 4A, B). Staining with antibodies to caspase-3 showed reduction (Fig.
4E).

We have not reported over-expression of Shh on barb branching morphogenesis before.
RCAS-Shh showed the following changes. 1) The periodic patterning of barb ridges was
also not influenced (Fig. 4A - B’). 2) There was wider distribution of PCNA staining cells
that extend into the barbule plate and marginal plate (Fig. 4C. C’, compare with Fig. 2C,
PCNA). 3) The pulp epithelium and marginal plate were more resistant to apoptosis and
formed thickened keratinized structures (Fig. 4B, B/, D, D’). 4). As a result, there was
increased cell mass in the barb ridge between two rows of barbule plates where the axial
plate should be (Fig. 4A’). They later formed hypertrophic rami. Caspase-3 staining showed
a reduction in the marginal plate, feather sheath, and pulp epithelium, but remained
expressed in the axial plate region (Fig. 4E, E).

Therefore, Shh suppression or over-expression resulted in aberrant proliferation, apoptosis,
and differentiation, and therefore formed abnormal feathers.

Discussion

Skin appendage formation involves induction, morphogenesis, differentiation and cycling
stages (Wu-Kuo and Chuong, 2000; Chuong et al., 2000; Paus and Cotsarellis, 1999). In the
current study, we demonstrated that different regions of developing feathers are
programmed to apoptose at different times relative to proliferation and differentiation. We
tried to define three possible modes of outcomes resulting from apoptosis (Fig. 5A). 1)
Apoptosis may function to shape and restrict proliferative cells within a localized growth
zone. 2) Apoptosis can create spaces and down regulate signaling centers that are only
needed transiently. 3) Apoptosis with terminal differentiation may lead to the formation of
permanent structures or temporary cornea that can later flake off, depending on the types of
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keratin deposited. Apoptosis is also important during hair cycling (Paus, 1999), but we will
not discuss this here.

Apoptosis in the localized proliferative zone (Mode 1, Fig. 5)

We have recently shown that dynamically shifting localized growth zones are instrumental
in building the morphology of skin appendages (Chodankar et al. 2003). In general, Wnt
gene expression correlates with the distribution of these localized growth zones, and over-
expression of Wnt 6 induces an ectopic localized growth zone. However, the specific
location of the growth zone varied over time, suggesting the involvement of complex
regulation. In light of our current findings, localized growth and localized apoptosis events
are likely to work in a complementary fashion to add or remove keratinocytes to shape the
morphology of skin appendages. Studies analyzing cell cycle proteins in apoptosis have
suggested that apoptosis and the cell cycle may partially share common pathways. There is
coordinated regulation of these antagonistic pathways within a cell (King and Cidlowski,
1995, 1998). We named this mode 1A.

Interestingly, during barb ridge morphogenesis, while Shh is in the marginal plate, the Shh
receptor, Patched-1, is not present in the marginal plate epithelia, but rather is present in the
barbule plate epithelia. Therefore, Shh secreted from the marginal plate cells may have a
role in regulating barbule plate cell proliferation and differentiation. The marginal plate may
serve as a temporary signaling center during barb ridge formation. The apoptosis of the
marginal plate implies the removal of the signaling center when it is no longer needed.
Similarly, during chicken limb development, apoptosis takes place and may play a role in
shutting off Shh expression in the zone of polarizing activity (Sanz-Ezquerro and Tickle,
2000). We named this mode 1B.

Apoptosis creates space or down regulates the temporary signaling center (Mode 2, Fig. 5)

Morphogenesis of feather filaments is a dazzling event during which complex feather
branches are “sculptured” and freed from the rest of the epidermal layers. Marginal plate
cells undergo apoptosis without keratinization, and therefore become the spaces between
barbs (Fig. 5, Apoptosis mode 2). Developing human hairs in embryonic skin travel long
distances within the skin epidermal layer before emerging (Chang et al., 2001). The
observed apoptosis in the long hair canals should belong to this category.

Molecules expressed in the marginal plate include lunatic fringe (Chen et al, 2000), NCAM
(Chuong and Edelman, 1985), BMP2 (Yu et al, 2002), Shh (Ting-Berreth and Chuong,
1996); etc. RCAS-BMP transduction produced a similar barb ridge phenotype as RCAS-
antisense-Shh, suggesting that BMP may be upstream of the Shh signaling pathway in barb
ridge formation (Yu et al, 2002). BMP also has been shown to be important for apoptosis in
other organs such as hair follicles (Botchkarev, 2003), the limb bud (Guha et al., 2002) and
cephalic crest (Graham et al., 1994). TUNEL staining detects apoptotic cells in the marginal
plate in both early and late stages of barb ridge formation (Fig. 2C). At early stages the
marginal plate cell shape is cuboidal and the cells are actively proliferating. Apoptosis at this
stage may regulate cell number and maintain these cells as a single layer to serve as a
signaling center with a stable Shh gradient. At later stages when barbule plate cells undergo
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terminal differentiation, marginal plate cells become flattened and die through apoptosis. In
so doing, they create space and set the feather branches free.

During barb ridge formation, several signaling pathways interact to build the pattern.
Among them, Shh and BMP may form a pair of signaling modules (Harris et al., 2002). The
crosstalk between these pathways remains to be studied. Here we used retroviral
transduction experiments to show that Shh is critically important for marginal plate cell fate
specification. Previously we showed marginal plates cannot form properly when Shh is
inhibited. This leads to abnormal barbule plate differentiation and barb ridge formation,
therefore resulting in feathers with webby and abnormal branches. We now show Shh over
expressing branches also can not form properly when Shh is in excess. Shh causes active
proliferation and increases in cell mass in the growth zone, barbule plates and marginal
plates. These cells are more resistant to differentiation and apoptosis. Downstream to this,
Shh has been shown to make cells resistant to differentiation and to block p21CIPY/WAF1 _
induced growth arrest in the cultured cells (Fan and Khavari, 1999). Our in vivo results are
consistent with these results.

Apoptosis in terminally differentiated cells (Mode 3, Fig. 5)

Barbule plate cells acquire keratin expression and undergo apoptosis in parallel with
terminal differentiation, thus becoming permanent feather structures. In developing feathers,
a- and B- keratins are differentially expressed (Presland et al., 1989). a- keratin (cytokeratin
1) is present in the intermediate layer cells and feather sheath. f-keratin (feather keratin A) is
present in feather branches, and to a lesser amount in the feather sheath. Thus each structure
has different properties based on the different ratios of a- and p-keratin. While a more
detailed study requires biochemical characterization of avian keratins, based on the
observation we postulate that when a-keratin is dominant, keratinocytes become cornified,
similar to what happens in mammalian skin epidermal keratinocytes. This is observed in the
feather sheath, follicle sheath, and pulp epithelium after they keratinize. These structures
flake off to allow separation of tissue layers (Fig. 5, Apoptosis mode 3A). When B-keratin is
dominant, keratinocytes keratinized into permanent structures, similar to what happens in
mammalian hair keratin. This is observed in the barbule plate, ramus, and rachis. The
physical structure of the keratin scaffold also makes a difference in the property of the
feather. For example, medulla cells in the rachis and ramus die to make an air-filled hollow
structure which has reduced weight and increased architectural strength (Fig. 5, Apoptosis
mode 3B). Thus, through specifically timed and placed apoptotic events, the complex
branched designs are cast and feathers are freed from the epidermal layers for use in flight.

The terminal differentiation of epidermal keratinocytes has been regarded as an example of
programmed cell death (Fesus et al, 1991; Polakowska et al, 1994). Indeed terminal
differentiated cells also show TUNEL positive staining. Cross-talk between differentiation
and apoptosis pathways remains elusive. Filaggrin, transglutaminase or ceramide generated
in the terminal differentiated cells may trigger the apoptosis pathway (Kuechle et al, 2000;
Ishida-Yamamoto et al, 1999; Fesus and Thomazy, 1988; Geilen et al, 1997). Some suggest
that terminal differentiation and apoptosis are biochemically distinct processes (Gandarillas
et al., 1999). Here we grouped them together, since in this paper we are trying to develop a
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common theme of how apoptosis is used in sculpting morphogenesis (Fig. 5), not
biochemical mechanisms.

In summary, we have tried to learn the specific roles of apoptosis in the morphogenesis of
the vertebrate integument using chicken feathers as the research model. We have identified
apoptosis as one of the major forces in sculpting the complex skin appendages. However,
the question does not end here. If the temporal and spatial controls of apoptosis are so
important in morphogenesis, how are they regulated? The complicated molecular expression
patterns during barb ridge morphogenesis imply a delicate balance among molecular
signaling pathways. Recent work showed that homeobox genes may be involved in
designating the apoptotic regions during Drosophila head morphogenesis (Lohmann, et al,
2002). Homeobox genes may also endow regional specificity in skin appendages (Chuong et
al., 1993; Chuong, 2003). Thus the building of diverse skin appendages in vertebrates may
be explained by the temporal and spatial regulation and balance of cell behaviors including
cell proliferation (Chodankar et al., 2003), cell adhesion (Jiang and Chuong, 1992),
apoptosis, and differentiation.
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Figure 1. Distribution of TUNEL™* cellsin developing feather buds and follicles
(A) Schematic representation of longitudinal feather follicle sections. There are three

epidermis layers in the feather filament: the basal layer, intermediate layer, and feather
sheath. The feather filament surrounds the pulp and shows continuity with the invaginated
epidermis that has become the feather sheath. (B) E 9 feather buds. (C) A section of E12
invaginating feather follicles. TUNEL" cells in regions undergo active tissue remodeling.
(D) At E15 a longitudinal section of a wing feather, TUNEL™ cells are detected in the
feather sheath, higher magnification of the box area is shown in (D). Strong TUNEL™ cells
are detected in the feather sheath and dermal sheath, but the basal layer, demarcated by a
black dotted line, lacks TUNEL™" cells. (E) At E16, a space is created between the feather
follicle and dermal sheath, higher magnification of the box area is shown in (E'), TUNEL*
cells distribute along the separated and keratinized feather sheath and dermal sheath. A
feather now can emerge from its sheath. bv, blood vessels; dp, dermal papilla; Fes, feather
sheath; Fos, follicle sheath; rm, ramogenic zone. Scale bars, 100 um (B-E), 50 um (D/, E).
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Figure 2. Temporal and spatial sequence of apoptosis (TUNEL), cell proliferation (PCNA),
differentiation (feather keratin), and signaling molecules expression (Shh) during feather
filament branching morphogenesis

(A) Schematic drawing modified from Chuong and Edelman, 1985 to introduce the 5 stages
of the barb ridge forming process (the blue numbers in parentheses). ap, axial plate. bp,
barbule plate; bb, barbules. GZ, growth zone of barb ridge and in brown; mp, marginal plate
and in red; rm, ramus; pe, pulp epithelium and in purple. Blue, ramus and barbules; green,
intermediate layer; red, marginal plate. (B) Apoptosis is determined by TUNEL,
proliferation by PCNA, Shh expression by in situ hybridization, and differentiation by
feather keratin A transcript expression. E16 wing feather cross sections are used. All
expressions were determined in a parallel temporal sequence. Stages of barb formation are
indicated by blue brackets. Apoptosis appeared in the feather sheath, marginal plate, and
later in the barbule plate and pulp epithelium. PCNA appeared first in the basal layer and
barb ridge growth zone. Shh was in the marginal plate epithelium. Keratin A was expressed
in the feather sheath, rachis, barbules, and also in the pulp epithelium. (C) Higher
magnification views. TUNEL is negative in the basal cells surrounding the pulp and positive
in the feather sheath (fes). PCNA stains the basal layer strongly and the intermediate layer
weakly. As barb ridges form, TUNEL™* cells appeared in the marginal plates (mp) and axial
plates (ap), beginning from cells closest to the feather sheath. At this stage, most of the barb
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ridge cells were strongly stained by PCNA, including the marginal plate and barbule plate.
Later, cell proliferation was limited to the growth zone of the barb ridge, adjacent to the
pulp. During later barbule plate differentiation, TUNEL™* cells were also detected in the
keratinized barbule plate, beginning from the cells near the feather sheath. In the late barb
ridge stage, barbule plates were fully differentiated, and TUNEL staining was present in the
pulp epithelium. The rachis was last to undergo apoptosis compared to the barb ridges.
TUNEL™ cells were detected in the medulla (m) rather than the cortex (c) region at this
stage. These cells died, forming an air filled honeycomb structure. Finally, the pulp
membrane became detached and the feather vane opened. Scale bars, 100 pm (panel B), 50
um (panel C).
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Figure 3. Molecular expression during barb ridge formation
Cross sections of E16 wing feather. (A) In situ hybridization with RNA anti-sense probe to

Shh. Shh was expressed higher in the distal than the proximal marginal plate. (B) Patched-1
was expressed in the barbule plate. Ap, axial plate; bp, barbule plate; fes, feather sheath; mp,
marginal plate; GZ, growth zone; pe, pulp epithelium. Bar, 50 pm. (C, C’) Immuno-staining
of caspase-3. Low and high power views. Rectangular regions in C is shown in C’, Note the
presence of caspase-3 staining in the pulp epithelium, marginal plate, feather sheath, and
also begins to be seen in the axial plate. Staining in feather sheath will soon disappear as it
develops earlier. Scale bars, 100 pm.
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Figure 4. Shh influences apoptosis and proliferation during feather morphogenesis
Left column: Anti-Shh was achieved by injection of Shh inhibitor, RCAS antisense Shh or

cyclopamine into the plucked wing feather pulp. Part of the cross section of a feather is
shown. (A) Early barb ridge keratinocytes show abnormal cell types, but the periodicity still
form. Abnormal marginal plate cells can be seen (*). (B) Some barbule plates (bp)
differentiate, but some abnormal barbule plate cells (“bp”) start to degenerate. (C) PCNA.
Inhibited proliferation in basal layer (bl) and intermediate layers (il) was seen by decreased
intensity and number of PCNA * cells. (D) In some, there was reduced apoptosis in the
presumptive marginal plate region (left). Apoptosis in the feather sheath can still be seen. In
some regions, intermediate layer show the degenerative barbule plate epithelia (“bp” in
panel B) underwent massive apoptosis (right). Caspase-3 staining is remarkably reduced (E).
Right column: Shh over expression. (A’) Cross sections showed ectopic Shh expression
caused an abnormal, enlarged growth zone (“GZ”) and an abnormal expanded cell column
between the two barbule plates (yellow dotted line). (B’) In more mature regions, the
expanded growth zones contributed to the enlarged rami formation. The barb septa and pulp
epithelium also were expanded. (C’) PCNA showed expanded cell proliferation beyond the
growth zone to the peripheral barbule plate epithelia, marginal plate, and the peripheral axial
regions that normally do not have proliferating cells at this stage. (D”) Apoptosis was
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suppressed (not shown) leading to expanded cell mass. (E’) Caspase-3 immuno-staining is
mildly reduced but remained in the axial plate and pulp epithelium. Scale bars, 100um.
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Figure 5. Schematic drawing of the modes of apoptosis and the mor phogenetic consequences on
skin appendage mor phogenesis

(A) Temporal - spatial modes of apoptosis relative to cell proliferation and differentiation
highlighting different morphogenetic consequences. Mode 1. Apoptosis in the proliferative
zone. These cells may be involved via apoptosis by themselves (1A) or by signaling others
to apoptose or not to apoptose (1B). Mode 2. Apoptosis without keratinization. This leaves
spaces important for morphogenesis. Mode 3. Apoptosis with terminal differentiation.
Depending on specific types of keratinization, these cells may cornify and flake off to
separate epidermal layers (3A) or become permanent keratinized structures (3B). (B)
Different modes of apoptosis leave distinct consequences on epithelial morphogenesis.
Examples are shown in developing skin appendage primordia, invaginating follicles and
branching feathers. Cross sections at different levels of feather filaments from the proximal
to the distal end (a to d) are shown in the bottom row. Diagrams a-d are modified from Fig.
238, Lucas and Stettenheim, 1972. Note the dynamic shift of localized apoptotic zones in
different stages of skin appendage development, and how these successive apoptotic events
sculpt the epidermal cylinder into highly branched structures and set the feathers free to fly.
Hence, apoptosis gives life in death.
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