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Abstract

The periderm is an epithelial layer covering the emerging epidermis in early embryogenesis of vertebrates. In the chicken embryo, an

additional cellular layer, the subperiderm, occurs at later embryonic stages underneath the periderm. The questions arose what is the function

of both epithelial layers and, as they are transitory structures, by which mechanism are they removed. By immunocytochemistry, the tight

junction (TJ) proteins occludin and claudin-1 were localized in the periderm and in the subperiderm, and sites of close contact between

adjacent cells were detected by electron microscopy. Using horseradish peroxidase (HRP) as tracer, these contacts were identified as tight

junctions involved in the formation of the embryonic diffusion barrier. This barrier was lost by desquamation at the end of the embryonic

period, when the cornified envelope of the emerging epidermis was formed. By TUNEL and DNA ladder assays, we detected simultaneous

cell death in the periderm and the subperiderm shortly before hatching. The absence of caspases-3, -6, and -7 activity, key enzymes of

apoptosis, and the lack of typical morphological criteria of apoptosis such as cell fragmentation or membrane blebbing point to a special form

of programmed cell death (PCD) leading to the desquamation of the embryonic diffusion barrier.

D 2004 Elsevier Inc. All rights reserved.
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Introduction

The epidermis is a multilayered cornified epithelium

covering the body of all higher vertebrates, thereby forming

a barrier protecting the organism against a variety of envi-

ronmental hazards such as UV–irradiation, dehydration,

toxic substances, and mechanical stress. The basal epidermal

cell layer contains keratinocyte stem cells that continuously

produce daughter cells destined to move upwards from the

basal layer to finally undergo terminal differentiation [1].

This terminal differentiation is followed by a special form of

programmed cell death (PCD) resulting in the formation of

corneocytes that represent the dead remnants of keratinocytes

[2,3]. During the process of cornification, keratinocytes

promote the formation of a flexible but insoluble protein coat

[2,4,5]. In addition, keratinocytes from the suprabasal layers

produce an array of specific lipids that are stored in lamellar
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bodies [6,7] and secreted to finally form a specific lipid coat.

This lipid coat becomes covalently attached to the corneocyte

protein coat [2,8] resulting in the cornified envelope, which is

thought to form the main diffusion barrier of the epidermis

[2,3,9–12]. In addition, the integral membrane proteins

occludin and claudin, main constituents of tight junctions

(TJ), have been detected in murine [13,14] and, more recent-

ly, in human epidermis [15,16]. By restricting paracellular

diffusion, TJ are essential for the barrier function of simple

epithelia [17], but they also contribute to the formation of the

epidermal diffusion barrier, as recently demonstrated by

Furuse et al. [14].

An important feature of the developing epidermis is its

lack of cornified envelope, which appears shortly before the

end of the embryonic period [18]. Up to this specific point in

time, the emerging epidermis is covered by a protective

epithelium, which is considered the main barrier between

the developing embryo and the surrounding amniotic fluid.

This protective epithelium called the periderm consists in

mammals of a monolayer of flattened epithelial cells [19].

Cells of the periderm have been shown by electron micros-

copy to be tightly joined by sites of close membrane contacts



Fig. 1.

Fig. 2.
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characteristic of TJ [20]. The impermeability of the periderm

and the barrier function of these TJ structures have been

shown for fetal rats by the use of lanthanum [21].

The chicken embryo provides an excellent model to study

the early stages of epidermal morphogenesis, as it is directly

accessible to experimental manipulation. As in mammalian

development, the emerging chicken epidermis is covered

during embryogenesis by the periderm. However, in chicken

development, a second epithelial layer, the subperiderm, is

formed underneath the periderm. Both epithelial layers are

closely connected, contain TJ, and hence, form a functional

entity providing the embryo with a bilayered diffusion barrier

that we refer to as the PSP unit. This PSP unit is lost by as yet

unknown mechanisms shortly before hatching when the

formation of cornified envelope has been completed [22].

To study the loss of the PSP unit, we have developed a

procedure to separate it from the emerging epidermis. This

‘‘stripping technique’’ combined with the application of

appropriate markers such as the TJ proteins occludin and

claudin-1 and the cytokeratin 5 (K5) allowed us to show that a

special form of simultaneous cell death occurs in peridermal

and subperidermal cells. This cell death of the PSP unit

occurs before the cornified envelope becomes detectable

and appears to be programmed but distinct from apoptosis

due to the lack of major morphological and biochemical

characteristics.
Materials and methods

Preparation of tissue explants

Fertilized chicken (Gallus Gallus domesticus, White

Leghorn) eggs were obtained from commercial sources and

incubated at 37jC in a humidified atmosphere. The devel-

opmental stage of the embryos was measured by days of

incubation and correlated with the stages described by

Hamburger and Hamilton [23]. Embryos beginning from

E6 were killed by decapitation. Under sterile culture con-

ditions, whole embryos or skin removed from the backside of

E6–20 embryos were rinsed in phosphate-buffered saline

(PBS). Skin samples were used for immunofluorescence

microscopy, Western blotting, transmission electron micros-

copy (TEM), and scanning electron microscopy (SEM).

Whole embryos (E1–2) were used for immunofluorescence

microscopy.
Fig. 1. Separation of the periderm (P) and the subperiderm (SP) from the emergin

down on a poly-L-lysine (0.5 mg/ml)-coated glass slide (B). After a few minutes, t

periderm and subperiderm (PSP unit) remaining on the glass slide. After this sepa

contrast microscopy (D). The borders of hexagonal peridermal cells (marked by blu

layer that exhibited a characteristic pattern of small ridges on the surfaces. Using S

of the isolated PSP unit where part of the subperiderm was lacking that allowed

Fig. 2. K5 as a marker for the monolayered ectoderm. Immunofluorescence of who

(C and D) revealed that K5 was already expressed during early embryogenesis a
Separation of the PSP unit from the emerging epidermis

To separate the periderm and the subperiderm (PSP

unit) from the underlying emerging epidermis (E in Fig.

1A), samples of freshly dissected skin were placed upside

down on poly-L-lysine (0.5 mg/ml)-coated glass slides

(Fig. 1B). After a few minutes, the skin was peeled off

with tweezers leaving the PSP unit attached to the glass

slide (Fig. 1C).

Immunofluorescence microscopy

For immunocytochemical staining of occludin and clau-

din-1, skin samples were fixed in 4% paraformaldehyde in

PBS for 20 min at room temperature (RT). For immuno-

cytochemical staining of K5, skin samples and whole

embryos were fixed in acidic ethanol (5% vol/vol acetic

acid in ethanol) for 10 min at �20jC. For cryostat

sections, tissue samples were frozen at �120jC in liquid

nitrogen and stored at �80jC. For whole mount prepara-

tions, skin was freed of excess dermal tissue, cut into

pieces of 5–10 mm2, and washed with PBS. After diges-

tion with 5 mg/ml dispase II (Roche Molecular Biochem-

icals, Mannheim, Germany) in keratinocyte growth

medium (Cambrex Bio Science, Verviers, Belgium) with-

out EGF/BPE for 10–30 min at RT, epidermal sheets were

mechanically separated from the underlying dermal tissue,

washed in PBS, and fixed as described above. Cryostat

sections (7 Am thick), whole mount preparations, separated

PSP units, or whole embryos were blocked in 3% bovine

serum albumin (BSA) in PBS for 1 h at 37jC and

incubated with primary antibodies diluted in 0.3% BSA

in PBS for 1 h at 37jC, as follows: mouse monoclonal

antibody against cytokeratin 5 (MAB3224; CHEMICON,

Temecula, USA), diluted 1:100; rabbit polyclonal anti-

bodies against occludin (71–1600), diluted 1:400; and

claudin-1 (71–7800), diluted 1:100 (Zymed, San Fran-

cisco, USA). After washing in PBS five times for 5 min at

RT, samples were incubated with secondary DTAF- or

Cy3-conjugated goat anti-mouse or goat anti-rabbit IgG

antibodies (Dianova, Hamburg, Germany) diluted 1:100 in

PBS for 1 h at RT. After four times washing in PBS for 5

min and once with aqua dest., the samples were mounted

with anti-fade reagent (Biomeda Corporation, Foster City,

USA) and viewed with a confocal laser scanning micro-

scope (LSM 510; Zeiss, Oberkochen, Germany).
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g epidermis (E). Freshly isolated chicken epidermis (A) was placed upside

he emerging epidermis was peeled off with tweezers (C) with the separated

ration procedure, the integrity of both epithelial layers was shown by phase

e dashed lines, except for the inset) are visible underneath the subperidermal

EM, the bilayered structure of the PSP unit became evident at the periphery

to observe the lower surface of the periderm (E). Scale bar, 20 Am.

le mounts in situ (A and B) and cross-sections through the chicken embryo

t E1 and E2 in the monolayered ectoderm. Scale bars, 20 Am.



l Cell Research 299 (2004) 415–426
Western blot analysis

To analyze the expression of occludin, claudin-1, and

caspases-3, -6, and -7 in cells of the separated PSP unit and

of the detached, dispase II digestion-derived, emerging epi-

dermis, samples were rinsed in PBS and then lysed in RIPA

buffer (1% Nonidet P40, 0.5% sodium deoxycholate, 0,1%

sodium dodecyl sulfate (SDS), 25 mM Tris, 150 mMNaCl, 2

mM EDTA and 10% Glycerin in aqua dest.) containing the

Complete Mini EDTA-free protease inhibitor mix (Roche

Molecular Biochemicals) for 30 min at 4jC. The cells of the
separated PSP unit were scraped off the glass slide and

centrifuged at 500� g for 5 min at 4jC. After ultrasonication,
the cells of the separated PSP unit and of the emerging

epidermis were centrifuged at 15,000 � g for 10 min at

4jC. Each preparation (5–40 Ag) was separated byNu-PAGE
or by SDS-PAGE and blotted onto a nitrocellulose membrane

M. Saathoff et al. / Experimenta418
Fig. 3. K5 as a marker for the PSP unit. Immunofluorescence micrographs (A, C,

(B, D, F, and H) showing the distribution of K5 during chicken embryogenesis. At

the underlying stratum basale of the emerging epidermis, which became evident b

E14, K5 was also found in the subperiderm (C and D) that has been formed bet

showed that the periderm and the subperiderm represent epithelial monolayers (C,

K5 (C and D). From E17 to the time of hatching, an intermediate state between the

throughout all layers of the stratified epithelium (E and F). After hatching, K5 wa
(Protan Nitrocellulose, Schleicher und Schuell, Dassel, Ger-

many). After blocking for 1 hwith 5% nonfat drymilk in Tris-

buffered saline (TBS), the proteins were immunolabeled with

polyclonal rabbit antibodies against occludin, diluted 1:2500,

against claudin-1, diluted 1:1000, against caspase-3 (552037;

BD Bioscience Pharmingen, San Diego, USA), diluted

1:1000 in 5% nonfat dry milk in TBS containing 0.5% Tween

20, at 4jC for 20 h. Antibodies against caspases-6 and -7 (gift

of Dr. W.C. Earnshaw, Edinburgh) were applied according to

the protocol of Ruchaud et al. [24]. Camptothecin-treated

Jurkat cells were used as controls for caspase-3 activity.

Peroxidase-conjugated goat anti-rabbit antibodies (Zymed),

diluted 1:5000, were used as secondary antibody. Bound

secondary antibodies were visualized by chemiluminescence

(ECL; Amersham, Braunschweig, Germany), documented on

XAR-5 films (Kodak, Stuttgart, Germany), and then evalu-

ated by digital image analysis.
E, and G) and corresponding immunofluorescence/phase contrast overlays

E6, expression of K5 was found in the periderm (A and B) but absent from

y staining the nuclei with propidium iodide (PI) (A, inset). Beginning with

ween the periderm and the emerging epidermis. Staining of nuclei with PI

inset) covering the underlying emerging epidermis that still did not express

embryonic and the adult epidermis was observed in that K5 was detectable

s found to be restricted to the basal cell layer (G and H). Scale bar, 20 Am.



 

Fig. 4. TJ proteins in the PSP unit. Immunofluorescence microscopy of

whole mount preparations showed that at E13 the expression of the TJ

constituents occludin and claudin-1 was restricted to the peridermal cell

layer (A and B). At E16, cross-sections through embryonic chicken

epidermis showed that occludin and claudin-1 expression was no longer

restricted to the periderm but was also found in the subperidermal cell layer

(arrows in C and D). At E18, when keratinization has already been

completed, the expression of occludin and claudin-1 was still detectable in

the peridermal (P) and subperidermal (SP) cell layers (E and F) isolated

according to the technique described in Fig. 1. Immunoblot analysis of

isolated PSP units and of the underlying emerging epidermis (E in G)

showed a consistent expression of occludin and claudin-1 in the PSP unit

from E16 to E18, whereas no expression of both proteins was detectable in

Fig. 5. Occludin expression in the stratum granulosum of newly hatched

and juvenile chicken epidermis. In contrast to the developing epidermis,

occludin became detectable by immunofluorescence staining in the stratum

granulosum instantly after hatching (A, arrows) and was regularly observed

in cross-sections of the juvenile epidermis (B, arrows). Scale bars, 20 Am.
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Transmission electron microscopy (TEM)

For TEM analysis, 1 � 1 mm pieces of freshly dissected

skin samples were fixed in 2% glutaraldehyde and 4%

paraformaldehyde in 0.1 M sodium cacodylate buffer (pH

7.3) for 60min at RT, then rinsed in sodium cacodylate buffer,

and postfixed with 2% unbuffered osmium tetroxide for 60

min at 4jC, followed by staining en bloc with 4% unbuffered

uranyl acetate for 90 min at RT. Tissue samples were

dehydrated through a graded series of ethanol, cleared in

propylene oxide, and embedded in Epoxy embedding medi-

um (Fluka Production GmbH, Buchs, Switzerland). Thin

sections were stained with 4% unbuffered uranyl acetate for

the emerging epidermis. Scale bars, 20 Am.
20 min and subsequently with 2.5% unbuffered lead citrate

for 10 min and examined at 80 kV with a CM 120 (Philips

Electron Optics, Eindhoven, The Netherlands) equipped with

a LaB6 filament.

Scanning electron microscopy (SEM)

Tissue samples were fixed with 2% glutaraldehyde in 0.1

M sodium cacodylate buffer (pH 7.3) for 60 min at RT rinsed

in sodium cacodylate buffer and dehydrated through a graded

series of ethanol. Subsequently, the tissue samples were

critical point dried from CO2 in 10 cycles according to

Svitkina et al. [25] using a Balzers CPD 030 (BAL-TEC,

Schalksmühlen, Germany). Dried samples were mounted on

aluminum sample holders and sputter coated with 2 nm

platinum/palladium in a HR 208 coating device (Cressington,

Watford, UK). SEMwas performed at an acceleration voltage

of 3 kV using a XL 30 SFEG (Philips Electron Optics)

equipped with a through lens secondary electron detector.

Tracer studies in vivo

Horseradish peroxidase (HRP, 20–50 mg/ml; Sigma-

Aldrich, Deisenhofen, Germany) in 0.1 M PBS was injected

subcutaneously in the back of chicken embryos. Thirty

minutes after HRP injection, the skin samples were dissected

and processed as described above for TEM.

TUNEL staining

To visualize DNA strand breaks as a hallmark of apopto-

sis, fluorescein-labeled nucleotides were incorporated by
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terminal deoxynucleotidyl transferase (TdT) to free 3V-OH
DNA ends in a template-independent manner (TUNEL

reaction). Whole mount preparations of the embryonic, dis-

pase II digestion-derived epidermis or of the isolated PSP unit

were fixed with 4% paraformaldehyde in PBS, pH 7.4, for 20

min at RT, rinsed in PBS, and incubated in permeabilization

solution (0.1% Triton X-100, 0.1% sodium citrate) for 2 min

on ice (4jC). TUNEL staining was performed according to

the manufacturer’s protocol with In Situ Cell Death Detection

Kit, Fluorescin (Roche Molecular Biochemicals). After

washing in PBS three times for 5 min and once with aqua

dest., samples were mounted and viewed as described above.

DNA ladder assay

For DNA ladder assays, isolated PSP units of 30 chicken

embryos from E16 and E18 or the emerging epidermis of 10

animals from E18 was used. DNA ladder assays were

performed using Apoptotic DNA Ladder Kit (Roche Molec-

ular Biochemicals) according to the manufacturer’s protocol.

Eluted DNA was electrophoretically separated using 1.5%

agarose gels. Gels were stained with SYBR Green I (MoBi-

Tec, Göttingen, Germany) and photographed under UV light.

As positive controls for DNA laddering, apoptotic U937 cells

(Roche Molecular Biochemicals) were used. MassRulerk
DNA Ladder Mix (Fermentas, St. Leon-Rot, Germany) with

a range from 80 to 10,000 bp was used as molecular marker.

Annexin V assay

To visualize the translocation of phosphatidylserine to the

outer leaflet of the plasma membrane that occurs during

apoptosis, the Annexin Vassay was performed. The feasibil-

ity of the Annexin Vassay for whole mount preparations was

shown before [26]. Annexin V binds specifically to phos-

phatidylserine exposed on the surface of apoptotic cells.

Whole mounts of freshly isolated epidermis and isolated

PSP units were submersed in a solution of FITC-Annexin

V (BD Biosciences, Heidelberg, Germany) for 15 min

according to the manufacturer’s protocol. Fluorescence mi-

croscopy of whole mount and of PSP unit samples was

performed as described above.
Fig. 6. Demonstration of the peridermal and subperidermal diffusion barrier

by using subcutaneously injected HRP as a tracer. TEM of cross-sections

through embryonic chicken epidermis showed that at E13 HRP diffusion

was stopped by the TJ of the periderm (A, arrowhead). Three days later, at

E16, the subperiderm with its TJ stopped the diffusion of HRP before

reaching the periderm (B, arrow). Peridermal granules showing character-

istic morphology and structure were observed mainly in the subperiderm

(B, arrowheads). Scale bars, 0,5 Am.
Results

K5 is a selective marker for peridermal and subperidermal

cells during chicken development

The specific expression of K5 in the ectoderm of early

embryonic stages and at later stages in the periderm has been

shown for murine development [27], whereas it is restricted

to basal cells in the adult mammalian epidermis [28,29]. Our

observations showed that K5 was already expressed in the

monolayered ectoderm during chicken embryogenesis at E1

and E2, corresponding to stages 8 and 9 of Hamburger and
Hamilton [23] (Fig. 2). It remained restricted to the periderm

(E6, HH stage 29) after an epithelial bilayer had been formed

by the generation of an epidermal monolayer underneath the

periderm that presumably represents the later basal cell layer

of the epidermis (Figs. 3A and B). At E12 (HH stage 38) of

chicken embryogenesis, an additional cellular layer, the

subperiderm, begins to develop underneath the periderm,

being completed at E14. Periderm and subperiderm are

characteristic of the late embryonic period and are both

desquamated at the time of hatching (E20–21, HH stage

46) [22]. At E14 (HH stage 40) of chicken development, K5

was no longer restricted to the periderm but was also found

in the subperidermal cell layer (inset Figs. 3C and D). At E17

(HH stage 43), epidermal keratinization occurs while the

peridermal and subperidermal layers are still completely

covering the embryo [22]. Intriguingly, from this point in

time to the time of hatching, an intermediate state between

the embryonic and adult epidermis was observed in that K5

was detectable throughout all layers of the stratified epithe-

lium (Figs. 3E and F). Hence, K5 is a selective marker

protein for the periderm and the subperiderm until the
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cornified envelope is formed. After hatching, K5 was found

to be restricted to the basal cell layer (Figs. 3G and H).

TJ proteins in the developing chicken epidermis

The formation of TJ and the impermeability of the

periderm and subperiderm during chicken development

were investigated using immunofluorescence microscopy

and TEM combined with tracer experiments.

To identify constituents of TJ in peridermal and subper-

idermal cells that might contribute to the formation of an

epithelial diffusion barrier until the cornified envelope is

formed, we labeled whole mount skin samples, cross-sec-

tions, and stripped PSP units with antibodies against the TJ

proteins occludin and claudin-1. Although the subperiderm

begins to develop at E12, it is not completed before E16. At

E13, immunofluorescence microscopy of whole mount

preparations in situ showed that the expression of the TJ

constituents occludin and claudin-1 was restricted to the

peridermal cell layer (Figs. 4A and B). At E16 immunoflu-

orescence, microscopy of cryostat sections showed that

occludin and claudin-1 expression was no longer restricted

to the periderm but was also evident in the subperidermal cell
Fig. 7. SEM of whole mount preparations from embryonic chicken epidermis revea

cells that carry numerous microvilli on their apical surfaces (A). At the borders b

Between E18 and E19, the subperiderm (not visible) and the periderm (P) started

the stratum corneum (SC) (B) that forms the surface of the adult skin (C). TEM of

the desquamation process of the periderm and the subperiderm from the SC (D). Th

cuboidal (D and E) in shaped. Scale bars, (A and B) 20 Am; (C) 100 Am; (D and
layer (Figs. 4C and D; arrows). However, the expression

level of both TJ proteins remained higher in the periderm as

compared to the subperiderm. At E18 (HH stage 44), when

keratinization has already been completed, the expression of

occludin and claudin-1 was still detectable in the periderm

(P) and subperiderm (SP) as shown for isolated peridermal

and subperidermal cell layers (Figs. 4E and F).

To investigate whether during embryogenesis TJ proteins

are expressed exclusively in the periderm and subperiderm

or also in the emerging epidermis, we separated the PSP unit

from the underlying epidermal cell layers at various devel-

opmental stages. We observed a consistent expression of

occludin and claudin-1 from E16 to E18 (HH stages 42–44)

in the PSP unit whereas no expression of both proteins was

detectable in the emerging epidermis (E) (Fig. 4G).

However, in contrast to the developing epidermis, occlu-

din became detectable after hatching in the cell layer

underneath the cornified envelope, the stratum granulosum

(Fig. 5A, arrows), and was regularly observed in the

juvenile epidermis of chicken at day 35 after hatching

(Fig. 5B, arrows). Immunoblot analysis showed that occlu-

din and claudin-1 were also expressed in the epidermis of

the newly hatched chicken (data not shown).
led that the periderm forms a continuous epithelial monolayer of hexagonal

etween adjacent cells, regions of tight contact were detectable (A, arrow).

to desquamate in the form of extended epithelial sheets thereby uncovering

cross-sections through embryonic chicken skin (D and E) showed in detail

e peridermal cells were flattened whereas the subperidermal cells were more

E) 2 Am.



Table 1

Characteristics of simultaneous cell death in the chicken PSP unit

Result

Biochemical data

DNA ladder +

Cleavage of caspase-3 �
Cleavage of caspase-6 �
Cleavage of caspase-7 �
Cleavage of spectrin (fodrin) �
Cleavage of PARP �

Morphological data

TUNEL assay +

Annexin V assay �
Cell fragmentation �
Nuclear fragmentation �a

Membrane blebbing �b

Formation of apoptotic bodies �
a No fragmentation but nuclear shape changes were observed (see Fig. 8C,

asterisk).
b Cell –cell contacts (TJ) were largely maintained.
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Diffusion barriers in the PSP unit

The expression of TJ proteins not only in the periderm

but also in the subperiderm raised the question whether

besides the periderm also the subperiderm operates as an

epithelial diffusion barrier. We therefore tested the perme-

ability of the periderm and subperiderm by subcutaneously

injecting HRP, a 44-kDa protein, used as a tracer due to its

ability to form an electron-dense reaction product [30,31].

Thirty minutes after tracer injection, the skin was dissected

and examined by TEM. At E13 (HH stage 39), HRP was

found to have diffused through the intercellular gaps from

the basal cell layer to the peridermal cell layer, where the

diffusion was stopped by the TJ of the periderm (Fig. 6A,

arrowhead). Interestingly, 3 days later, at E16 (HH stage

42), the subperiderm with its TJ stopped the diffusion of

HRP before reaching the periderm (Fig. 6B, arrow). Hence,

until epidermal keratinization is completed, the embryonic

diffusion barrier is provided by the impermeability of the

subperiderm.

Desquamation of the PSP unit

The structural changes of the periderm and the subper-

iderm during chicken development were examined by EM.

TEM showed the transition of peridermal cells from flat

epithelial cells at early and mid-embryogenesis (Fig. 6A) to

very thin cells shortly before and during desquamation (Figs.

7D and E). Corresponding to these changes, the originally

oval-shaped nuclei of the epithelium of the periderm became

lobulated and more condensed (Figs. 7D and E). Peridermal

granules were observed mainly in the subperiderm and

showed the characteristic shape and inner structure (Fig.

6B, arrowheads) as described before by Alibardi [32]. SEM

of whole mount preparations of embryonic chicken skin

revealed that the periderm up to the time of keratinization

forms a continuous epithelial monolayer of hexagonal cells

that carry numerous microvilli on their apical surfaces. At the

borders between adjacent cells, regions of tight contact were

detectable (Fig. 7A, arrow). Between E18 and E19 (HH

stages 44 and 45), the periderm and the subperiderm started

to desquamate in the form of extended epithelial sheets

thereby uncovering the cornified envelope (Figs. 7B and

C). TEM of cross sections through embryonic chicken skin

showed the desquamation of the periderm and the subper-

iderm after cornified envelope formation. Both cell layers, the

flattened cells of the periderm and the more cuboidal sub-
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Fig. 8. Simultaneous cell death within the PSP unit. TUNEL staining of PSP units

whole mount epidermis (B). At E17, only single TUNEL-positive nuclei were obse

all subperidermal cells were labeled (B and C). At E19, TUNEL-positive nuclei we

in the periderm (D, arrow). The nuclei were no longer oval shaped but adopted a sp

Immunoblot analyses of isolated PSP units from E16 to E19 (E–G) showed that ca

peridermal and subperidermal cells but remained inactive during the period of cell

camptothecin-treated Jurkat cells (E, control). DNA laddering was observed only

emerging epidermis at E18 showed significant DNA fragmentation (H). As positiv

Scale bars, 20 Am.
peridermal cells, were desquamated as a unit from the cells of

the stratum corneum (Figs. 7D and E).

Simultaneous cell death within the PSP unit (Table 1)

The desquamation of the periderm has been assumed as

the consequence of the keratinization process of the emerg-

ing epidermis [33,34] (Table 1). However, none of these

studies provided direct immunohistochemical or biochemi-

cal evidence for the mechanisms involved. Here we show by

TUNEL staining of whole mount epidermis and of isolated

PSP units that cell death occurred simultaneously in all

subperidermal cells between E18 and E19 (HH stages 44

and 45) (Figs. 8B–D). Occasionally, however, single

TUNEL-positive nuclei were already observed at E17 (HH

stage 43), what is clearly before a stratum corneum becomes

detectable and before desquamation occurs (Fig. 8A, arrow-

heads). At day 19, TUNEL-positive nuclei were also found

in the peridermal cell layer (Fig. 8D, arrow). The nuclei

were no longer oval shaped but adopted a spiny surface,

whereas fragmentation was not observed (Fig. 8D, asterisk).

TUNEL staining results were confirmed by the detection of

distinct DNA ladders: only the isolated PSP unit at E18,

whereas neither the PSP unit at E16 nor the emerging

epidermis at E18 showed significant DNA fragmentation

(Fig. 8H). Light and electron microscopy of the isolated PSP

unit (Figs. 1D, E and 8A, C, D) and of whole mount
(A, C, and D) isolated according to the technique described in Fig. 1 and of

rved in subperidermal cells (A), whereas between E18 and E19 the nuclei of

re still found not only in the subperidermal cell layer (D, arrowhead) but also

iny surface, whereas no fragmentation of nuclei was observed (D, asterisk).

spases-3, -6, and -7, key enzymes of apoptotic cell death, were expressed in

death in the PSP unit. A cleaved form of caspase-3 is observed at 11 kDa in

in the isolated PSP unit at E18 whereas neither the PSP unit at E16 nor the

e controls for DNA laddering, apoptotic U937 cells were used (H, control).
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epidermis (Fig. 7B) revealed that both epithelial layers were

structurally preserved during PCD and no cell fragmentation

or membrane blebbing occurred. Immunoblot analyses of

cell lysates from isolated periderm and subperiderm as well
as from the emerging epidermis (E16 to E19) showed that

caspases-3, -6, and -7, key enzymes of apoptotic cell death,

were expressed but activated forms of theses caspases were

not detectable (Figs. 8E–G). Further criteria of apoptotic
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cell death such as the cleavage of PARP and spectrin

(fodrin) and the loss of asymmetric distribution of phospha-

tidylserine (Annexin V assay) were also not detectable.

These findings indicated that the simultaneous cell death

in the subperiderm and later in the periderm was different

from apoptotic cell death.
Discussion

During chicken embryogenesis, the immature and still

permeable epidermis is covered by two epithelial layers, the

periderm and the subperiderm, which form a transient organ,

the PSP unit, providing protection for the developing

organism. As reported here, the desquamation of the PSP

unit follows a tight schedule and is closely coupled to the

development of the embryonic epidermis underneath. The

mechanisms, however, leading to the desquamation of the

PSP unit at the end of the embryonic period remained as yet

unknown. The development of a ‘‘stripping technique’’

allowed us to separate the PSP unit from the developing

epidermis and to selectively study their morphological and

biochemical features and the characteristics of cell death and

desquamation.

K5 is an appropriate marker to track the origin of the PSP

unit

In early embryogenesis, the organism is covered against

the surrounding amniotic fluid by the ectoderm, a tight

monolayer of flattened epithelial cells. In the chicken

embryo, this period lasts until day 5, before at day 6, an

epithelial bilayer appears consisting of cuboidal basal cells

located underneath the flattened epithelial monolayer now

called periderm [22,35]. According to morphological data,

the chicken periderm appears to derive from the ectoderm,

but direct evidence was not available due to the lack of

appropriate markers.

Monoclonal antibodies against chicken limb bud ecto-

derm have been raised which bind to the periderm at E3–16

(HH stages 20–42) [36]; however, these antibodies also

label antigens in the epidermis at later stages of fetal

development. Hence, markers with a higher degree of

specificity are needed to clearly identify the periderm and

subperiderm throughout all developmental stages. Keratin

intermediate filaments are the major cytoskeletal elements

of keratinocytes, which are expressed in a differentiation-

dependent pattern. The expression of K5 has been shown in

the single layered ectoderm and in the periderm of the

mouse embryo pointing to ectodermal stratification as the

origin of the periderm [27]. In this report, we show by K5

expression that in the chicken embryo both the periderm and

the subperiderm are direct derivatives of the ectoderm. K14

shows the same distribution as K5, but is expressed at much

lower levels (not shown). K1 and K10 are characteristic of

differentiating keratinocytes, whereas K5 and K14 are
predominant in basal cells of the adult epidermis and in

fast growing keratinocytes in culture [28,29,37–40], but, as

shown here, not detectable in the embryonic epidermis until

E16. During the formation of the cornified envelope and the

desquamation of the PSP unit, the emerging epidermis

enters an intermediate stage at which K5 is detectable in

all layers whereas after hatching this marker is limited to the

basal cell layer.

TJ in both epithelial layers of the PSP unit

The impermeability of the periderm has been demon-

strated for mammalian development [21]. TJ, which differ

from those in the epidermis by the expression of claudin-6

[20], have been described in human [15] and in mouse [13]

periderm. As shown here, in chicken embryogenesis, the

periderm is supplemented by a second epithelium, the

subperiderm, that is also impermeable against diffusion.

The new finding in this report is the expression of clau-

din-1 in both epithelial layers, whereas neither occludin nor

claudin-1 are detectable in the epidermis until the time of

hatching when the PSP unit is desquamated and the TJ

proteins become abundant in the stratum granulosum. This

observation allows the conclusion that the barrier function

during chicken embryogenesis relies entirely on the TJ of

the PSP unit. Members of the claudin multigene family,

which have been shown to constitute the backbone of TJ

strands in simple epithelia and to be directly involved in

their barrier function [41], are also essential for the mam-

malian epidermal barrier function as shown recently for

claudin-1-deficient mice [14].

A special form of programmed cell death results in the

desquamation of the PSP unit

PCD is an active physiological response to specific cell

death signals or to the lack of survival signalling in the cell

[42,43]. Apoptosis, a specific form of PCD, is of pivotal

importance for organ development, cell turnover within

tissues, atrophy induced by exogenous stimuli, and cell

death in the immune system, for example, of T-cells [44].

This process is characterized morphologically by nuclear

fragmentation, condensation of the cytoplasm, blebbing of

plasma and nuclear membranes, disruption of cell–cell

interactions, and the formation of apoptotic bodies. Apo-

ptosis can be distinguished from necrosis that occurs upon

tissue wounding and is accompanied by uncontrolled os-

motic swelling and lysis of cells without showing charac-

teristic features of apoptosis such as nuclear fragmentation

and membrane blebbing. Necrosis also includes inflamma-

tory reactions that are lacking during apoptosis [42,45–49].

Biochemical characteristics of apoptosis are the appearance

of DNA fragments (DNA ladder), cross-linking of cytosolic

proteins, and a proteolytic enzyme cascade that results in

cellular disassembly [50–53]. The most important effector

protease in apoptosis is caspase-3 [54], which is able to
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hydrolyze actin-associated proteins such as fodrin [55] and

gelsolin [56], thereby destabilizing the cytoskeleton. Results

on caspase-3-deficient mice that are still capable of apopto-

tic reactions point to the existence of redundant pathways

that are thought to depend on caspases-6 and -7 [57].

In the mature epidermis, two specific types of PCD are

observed: besides apoptosis that occurs preferentially in the

basal cell layer upon exogenous stimuli, for example, UV–

radiation, a specific form of PCD with formation of the

cornified envelope follows the terminal differentiation of

keratinocytes. Characteristics of this specific PCD are the

degradation of chromatin, elimination of nuclei and cross-

linking of cytoplasmic proteins by transglutaminases [58],

sustained cell–cell interactions, and the lack of apoptotic

body formation [59].

As shown in this report, cell death in the chicken

subperiderm and periderm occurs simultaneously and is

characterized by DNA fragmentation as visualized by

TUNEL and DNA ladder assays, by the maintenance of

cell–cell interactions including the expression of the TJ

proteins occludin and claudin-1, and by the desquamation of

the entire epithelial bilayer in the form of double-layered

sheets around E18. Furthermore, caspases-3, -6, and -7 are

detectable in the PSP unit, but none of them in the active

form. It should also be noted that in contrast to most types of

apoptosis, neither PARP nor spectrin (fodrin) were proteo-

lytically degraded, and that the Annexin V assay recogniz-

ing the loss of asymmetric distribution of phosphatidylserine

gave negative results (see Table 1). Hence, the simultaneous

cell death of the PSP unit differs in most characteristics from

apoptosis and appears to represent a special form of PCD.
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