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Abstract

During mammalian embryogenesis the emerging epidermis is temporarily covered by an epithelial monolayer, the
periderm. In chicken, a second epithelial layer, the subperiderm, located underneath the periderm develops in later
embryogenesis. Together the periderm and the subperiderm are referred to as the PSP unit. The cells of the PSP unit
are tightly connected by tight junctions (TJ), thereby providing the embryo with an impermeable bilayered diffusion
barrier. The emerging epidermis assumes its barrier function by cornification beginning at embryonic day 17 (E17)
before at E18 the PSP unit undergoes desquamation. Lipid analysis of both epithelia after their mechanical separation
revealed a dramatic increase to about 100-fold values of barrier-relevant ceramides, i.e. those known to essentially
contribute to the diffusion barrier of the cornified envelope, in the emerging epidermis between E17 and E19. In
contrast, the content of barrier-relevant ceramides in the PSP unit remained at constantly low levels throughout
embryogenesis. These data strongly argue in favour of different mechanisms for the barrier function of the two
epithelia. TJ in the PSP unit provide the main diffusion barrier protecting the embryo until beginning of desquamation
at E18. At this developmental stage the content of cornified envelope-specific ceramides is substantially elevated, thus
enabling the epidermis to fulfil its function as the major diffusion barrier after desquamation of the PSP unit. The
observation that barrier-relevant ceramides are formed prior to desquamation of the PSP unit points to a precisely
regulated sequence in that desquamation does not occur until the lipid-based barrier of the cornified envelope is
completed and suggests in addition that these lipids might be essential regulators of the interaction between the PSP
unit and the emerging epidermis.
r 2007 Elsevier GmbH. All rights reserved.
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Introduction

The epidermis is a multilayered cornified epithelium
that covers the body of all higher vertebrates. Its proper
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embryonic development and its continual renewal
throughout adult life are essential to provide an efficient
barrier protecting the organism from the loss of water
and ions as well as against a large variety of environ-
mental stress factors such as physical, chemical and
microbial noxious insults. The basal layer of epidermal
keratinocytes contains stem cells that continuously
produce daughter cells which move upwards to finally
undergo terminal differentiation (Holbrook, 1994). This
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results in a special form of programmed cell death
leading to the formation of corneocytes that represent
the dead remnants of keratinocytes and build the upper-
most epidermal layer, the stratum corneum (Nemes and
Steinert, 1999; Kalinin et al., 2002). The stratum corneum
has been compared to a brick and mortar mosaic, with
corneocytes containing abundant keratin filaments cross-
linked by filaggrin representing the bricks that are
embedded in a mortar matrix of multilamellar lipids
(Elias, 2005; Nemes and Steinert, 1999). In adult
organisms the cornified envelope, in particular its lipid
compounds such as the ceramides, constitute the main
diffusion barrier of the epidermis (Holleran et al., 1991b;
Ponec, 1994; Doering et al., 2002). In addition, tight
junctions (TJ) in the stratum granulosum appear to exist
as continuous TJ systems as visualized by immuno-
electron and immuno-fluorescence microscopy and to
contribute to the epidermal diffusion barrier in mamma-
lian species (Morita et al., 1998; Brandner et al., 2002;
Langbein et al., 2003; Schlüter et al., 2004) as well as in
chicken (Saathoff et al., 2004). First evidence that
epidermal TJ are indeed crucial for the barrier function
of mammalian skin has been provided by Furuse et al.
(2002).

The structural and compositional organization of the
epidermal diffusion barrier in the adult organism
described above differs fundamentally from the diffu-
sion barrier during embryogenesis. An important
feature during early stages of epidermal genesis is the
lack of a cornified envelope, which does not appear until
shortly before the end of the embryonic period
(Matoltsy, 1969). Up to this specific point in time the
periderm, which represents an epithelial monolayer
covering the emerging epidermis, serves as interface
and tight diffusion barrier between the embryo and the
surrounding amniotic fluid (Segre, 2006). The perider-
mal monolayer in mammalian development consists of
flattened epithelial cells (Holbrook and Odland, 1975)
differing from presumptive epidermal cells in keratin
profile and by the presence of microvilli extending into
the amniotic fluid. Most importantly, cells of the
periderm have been shown by electron microscopy to
be tightly joined at sites of close membrane contact
marked by the presence of occludin and claudin, thus
resembling the TJ of simple epithelia (Morita et al.,
2002; Saathoff et al., 2004).

In contrast to mammals, a second epithelial layer, the
subperiderm, is formed underneath the periderm during
later stages of chicken development (E14). Cells in both
epithelial layers are closely connected by TJ, and, hence,
form a functional entity providing the embryo with an
impermeable bilayered diffusion barrier (Saathoff et al.,
2004) that we refer to as the periderm–subperiderm
(PSP) unit. This PSP unit is lost shortly before hatching
beginning at E18, when the formation of the cornified
envelope becomes microscopically detectable.
Until E6 the embryo is covered by the ectoderm
representing a monolayer of multipotent epithelial cells.
As both the PSP unit and the emerging epidermis derive
from the ectoderm and since in the emerging epidermis the
assumption of barrier function is related to the synthesis
of special barrier-relevant lipids it is of considerable
interest to analyse the lipid composition of both layers
during embryogenesis. A major technical problem has
been the close contact between the emerging epidermis
and the PSP unit which until recently impeded their
separation and, hence, the analysis of their individual
composition. However, this problem was overcome by the
recent development of a technique to mechanically
separate the PSP unit from the emerging epidermis
(Saathoff et al., 2004), thus allowing subsequent lipid
analysis. We show that both layers contain the same lipid
species but in contrast to ‘‘normal ceramides (Cer [NS])’’
and fatty acids that occur in similar amounts in both
layers throughout development, the amount of barrier-
related ceramides increased dramatically in the emerging
epidermis during the terminal steps of cornification.
Ceramides are considered to be essential for the formation
of the epidermal diffusion barrier (Wertz et al., 1985;
Holleran et al., 1991a; Wertz, 1992; Doering et al., 1999;
Coderch et al., 2003). Hence, these quantitative differ-
ences in ceramide distribution appear to mirror closely the
distinct functions of both epithelia.
Materials and methods

Breeding of fertilized chicken eggs

Fertilized chicken (White Leghorn) eggs were ob-
tained from commercial sources and incubated at 37 1C
in a humidified atmosphere. The developmental stage of
the embryos was measured by days of incubation and
correlated with the stages described by Hamburger and
Hamilton (1951).

Separation of the PSP unit from the emerging

epidermis

To separate the PSP unit from the underlying
emerging epidermis (Fig. 1) a newly developed technique
was applied as described recently (Saathoff et al., 2004).
In brief, samples of freshly dissected skin were freed of
excess dermal tissue, cut into pieces of 5–10mm2, and
washed with serum-free Dulbecco’s modified Eagle’s
medium (DMEM). After digestion with 10mg/ml
dispase II (Roche Molecular Biochemicals, Mannheim,
Germany) in serum-free DMEM buffered with 20mM
HEPES for 1.5–2 h at 4 1C, epidermal sheets were
separated from the underlying dermal tissue and washed
in phosphate-buffered saline. The tissue samples were
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Fig. 1. Schematic illustration of the PSP unit and the emerging

epidermis during chicken embryogenesis (Saathoff et al.,

2004). Until E5 the embryo is covered by an epithelial

monolayer, the ectoderm. At E6 the first layer of the emerging

epidermis is beginning to be formed underneath the ectoderm,

now referred to as the periderm. At E14, a second epithelial

monolayer, the subperiderm, begins to develop underneath the

periderm. Both, the periderm and the subperiderm form the

PSP unit, the cells of which undergo a special form of

programmed cell death (dark grey nuclei) at E18, shortly after

appearance of the cornified envelope (CE) of the emerging

epidermis (E) at E17. This is followed by the desquamation of

the PSP unit beginning at E18 which is entirely sloughed off at

E21, the time of hatching.
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placed upside down on glass slides coated with 0.5mg/
ml poly-L-lysine. Care was taken to dissect the skin
samples of all stages from corresponding regions, i.e.
the abdominal region of the late chicken embryo. After
a few minutes, the emerging epidermis was peeled off
with tweezers leaving the PSP unit attached to the
glass slide.

Quantitative evaluation of lipids

Epidermal fractions were homogenized in a mixer mill
for 2min at 20Hz. Lipids were extracted in chloroform/
methanol/water (1:2:0.5, v/v/v) for 24 h at 56 1C. Lipid
extracts were applied to thin layer Silica Gel 60 plates
(Merck, Darmstadt, Germany). Ceramides were re-
solved twice using chloroform/methanol/acetic acid
(190:9:1, v/v/v) as developing system. Following devel-
opment, plates were air-dried, sprayed with 8% (w/v)
H3PO4 containing 10% (w/v) CuSO4, and charred at
180 1C for 10min. Lipids were identified by their Rf

value. In addition, lipid identity was confirmed by
electrospray-ionization time of flight mass spectrometry
(ESI-TOF-MS) (Merrill et al., 2005).

Individual lipid bands obtained by thin layer chro-
matography (TLC) were evaluated by photodensitome-
try (Shimadzu, Kyoto, Japan). Assuming constant
cholesterol amounts in all samples, densitometric data
obtained for each ceramide species were normalized to
cholesterol and then expressed relative to the epidermal
layer at E16.

Electron microscopy

For electron microscopic analysis, skin from the
abdominal region of the chicken embryo from E15 to
E19 was excised and fixed in 2% glutaraldehyde in 0.1M
sodium cacodylate buffer (pH 7.3) for 60min at room
temperature, followed by postfixation in 1% non-
buffered osmium tetroxide for 60min at 4 1C and
stained en bloc with 4% non-buffered uranyl acetate
for 60min at room temperature. Samples were dehy-
drated in ethanol and embedded in Epoxy embedding
medium (Sigma-Aldrich, Taufkirchen, Germany). Thin
sections were stained with 2.5% non-buffered lead
citrate for 10min and examined with an EM 120
electron microscope (Philips Electron Optics, Eindho-
ven, The Netherlands).
Results

Morphological and biochemical evidence for an up-

regulation of epidermal barrier ceramides (Cer) at

E17 of chicken embryogenesis

The sequence of steps in chicken epidermal develop-
ment have been described recently (Saathoff et al., 2004)
and are summarized in Figs. 1 and 2. Periderm and PSP
unit are characterized by the presence of TJ (Fig. 2A),
whereas the emerging epidermis forms a cornified
envelope starting at E17 (Fig. 2B). Beginning at E18
the PSP unit is lost by desquamation, the cornified
envelope becomes directly exposed towards the amniotic
fluid (Fig. 2C), and the cells of the PSP unit undergo
a specific form of programmed cell death (Saathoff
et al., 2004). The appearance of the cornified envelope
is of central importance not only for epidermal
diffusion barrier formation but also for providing
the putative trigger for PSP unit desquamation.
We therefore analysed the lipid composition of
both epithelia, the PSP unit as well as the emerging
epidermis.

It is well known that Cer are the major constituents of
the lipid barrier of the stratum corneum, which also
contains cholesterol and free fatty acids (Wertz et al.,
1985; Weerheim and Ponec, 2001). Their critical role for
homeostasis of the epidermal permeability barrier is
generally accepted. As illustrated in Figs. 3 and 4
dramatic changes in cellular Cer composition occur
between embryonic day E16 and E17. Note that in this
study structural data of Cer are according to the
epidermal Cer terminology proposed by Motta et al.
(1993). Thus, Cer structures are defined by (i) their
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Fig. 2. Morphology of the emerging epidermis and the PSP unit at the developmental stages E15–E18. (A) At E15 the stratum

granulosum (SG) of the emerging epidermis which is still lacking a cornified envelope is covered by the cuboidal-shaped cells of the

subperiderm (SP) and the flattened, microvilli-bearing epithelium of the periderm (P). (B) At E17 the cornified envelope has been

formed underneath the periderm and the subperiderm (PSP unit) which desquamated beginning at E18 (C). At this final stage the

cornified envelope is directly exposed towards the amniotic cavity (AC). D, dermis; TJ, tight junctions. Bars: 2 mm (A), 10mm (B, C).
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Fig. 3. Changes in barrier-relevant ceramides (black bars) and

non-specific lipids (grey bars) in chicken epidermis (PSP unit

and emerging epidermis together) from E16 to E19. All values

are displayed relative to E16. The results (mean7SD) show

that barrier-relevant ceramides increased more than 100-fold

until E19 whereas the non-specific lipids remained at

constantly low levels. Results were reproduced in four separate

experiments.
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sphingoid base, either sphingosine (S) or phytosphingo-
sine (P) or 6-hydroxysphingosine (H) and (ii) their amide
bond fatty acid characterized by no hydroxyl group (N),
an a-hydroxyl group (A), an o-hydroxyl group (O), or an
esterified o-hydroxyl group (EO). Cer species, that
typically occur in the epidermis including Cer[EOS], -
[NP], -[AS+NH], -[AP], and -[AH] continuously in-
creased from E17 to E19 reaching up to 90-fold values,
thus suggesting a collective up-regulation of their
formation (Fig. 3). By contrast, the content of ubiqui-
tously occurring Cer[NS] as well as that of cholesterol
and free fatty acids remained constant during the same
developmental period (Fig. 3). As illustrated in Fig. 4A
the most abundant Cer species in developing chick
epidermis are Cer[NS], Cer[EOS] and Cer[AP] represent-
ing almost 75% of the total Cer pool. However, when
related to the amount of a certain Cer species at E16,
most dramatic elevations were observed in the content of
Cer[AP] and-[EOS] rising up to 30-fold amounts.
Simultaneously the amount of Cer[AS] and -[NP]
increased up to about 20-fold (Fig. 4B). The content of
Cer[AH] was found to increase only about 7-fold whereas
that of Cer[NS] remained almost constant during the
same period. Cer species were confirmed by mass
spectrometry (not shown).
Cer profiles of the PSP unit differ from that of the

emerging epidermis throughout chicken

embryogenesis

In the next step we analysed the distribution of Cer
species in the PSP unit and the emerging epidermis of
chicken embryo. As compared to E16, the content of
barrier-relevant Cer increased continuously in the
emerging epidermal layer during the following days
(E17 and E18) reaching about 120-fold higher amounts
at E19 (Fig. 5). Simultaneously a decrease in the content
of these Cer was observed in the PSP layer indicating a
different regulation of Cer formation in these different
layers.

Analysis of individual Cer species in the separated
layers clearly showed that all barrier-relevant lipids
derived from the emerging epidermis, whereas choles-
terol, fatty acids and Cer[NS] occurred at equal amounts
in both layers (Fig. 6A). Due to the different regulation
mentioned above, the relative increase of Cer species in
the emerging epidermis significantly exceeded the values
measured when the emerging epidermis and the PSP unit
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Fig. 4. Content of individual lipid species in chicken epider-

mis. Lipids were extracted from freshly isolated epidermis

(PSP unit and emerging epidermis together) at the indicated

days of embryonic development (E16–E19). (A) Total lipid

extracts were separated by TLC, visualized and identified as

described in Materials and methods. The Rf value of authentic

lipids is indicated. (B) Individual lipid bands were evaluated

densitometrically. Values obtained were normalized to choles-

terol contents and expressed relative to the content of a certain

lipid species in total epidermis at E16. Data shown are from

one representative experiment. Similar results were obtained in

at least three independent experiments. Cer, ceramide; Chol,

cholesterol; E, emerging epidermis; PSP, periderm and

subperiderm; FA, fatty acid; GlcCer, glucosylceramide. The

letters in brackets denote Cer structures and are explained in

the text.
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(grey bars), and the emerging epidermis (black bars) from E16
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values at E16, respectively. The results (mean7SD) show that

the emerging epidermis as well as the PSP unit contain stratum

corneum-specific ceramides. From E17 to E19 the amount of

stratum corneum-specific ceramides in the emerging epidermis

increased dramatically about 120-fold whereas their content in

the PSP unit remained at relatively low levels. Results were

reproduced in four separate experiments.
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were analysed in toto. Thus elevation of Cer[AP]
and -[AH] was even more pronounced at E19 amounting
to 60- and 50-fold levels, respectively, relative to E16
(Fig. 6B).

In summary, the separate analysis of the two layers
revealed that only the emerging epidermis was subject of
spectacular changes in lipid composition. Starting at
E17 a dramatic increase in the content of barrier-
relevant Cer species occurred whereas Cer[NS], fatty
acids and cholesterol were abundant throughout devel-
opment in both layers.
Discussion

The emerging epidermis of chicken embryo is covered
by the PSP unit which is a transient tissue consisting of
two epithelial monolayers, the periderm and the subper-
iderm. Although both the PSP unit and the emerging
epidermis derive from the ectoderm (Sengel, 1990; Sawyer
and Knapp, 2003), they differ considerably in their
structural organization, function and fate. Whereas the
PSP unit provides protection for the developing organism
mainly by forming TJ and undergoes desquamation
without previous cornification the differentiated epidermal
layers of keratinocytes within the emerging epidermis
finally form a cornified envelope thereby assuming the
sheltering function in the adult organism (Matoltsy, 1969;
Saathoff et al., 2004).

We have previously shown that the PSP unit differs
from the emerging epidermis in (i) the expression of the
TJ proteins claudin and occludin found in the emerging
epidermis not before hatching, (ii) by the expression of
keratin 5 not observable in the emerging epidermis until
E19 and (iii) by a positive TUNEL assay shortly before
desquamation (Saathoff et al., 2004). In this report we
focus on the lipid composition of the PSP unit and the
emerging epidermis with emphasis on the barrier-
relevant lipids known to be essential for the cornified
envelope-based diffusion barrier.
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The lamellar membranes of the intercellular matrix in
human epidermis are enriched in ceramide species,
cholesterol, and long-chain free fatty acids in approxi-
mately equimolar proportions as shown in mammalian
(Ponec, 1994) and avian (Menon and Menon, 2000)
epidermis. Unique among other known biological mem-
branes, phospholipids are absent but small amounts of
other polar lipids, such as cholesterol sulfate, are found.
The intercellular lipids derive from a mixture of polar
lipid precursors packaged into a unique organelle, the
epidermal lamellar body (Schmitz and Müller, 1991;
Coderch et al., 2003). Lamellar bodies provide a family
of lipid hydrolases which convert polar lipid precursors
into their more hydrophobic products (Wertz, 1992).
They also release proteases that degrade corneodesmo-
somes and permit the orderly shedding of outer
corneocytes (Elias et al., 1999). We observed that in
the emerging epidermis of chicken embryo barrier-
relevant lipids known to contribute to the epidermal
barrier function are barely synthesized before the
cornified envelope becomes detectable and the desqua-
mation of the PSP unit occurs (see Fig. 4). Obviously,
the time point of cornification is decisive for the
dramatic enhancement of ceramide synthesis in the
epidermal layer, while the changes of ceramide content
in the PSP unit are rather modest. Apparently, during
embryogenesis cornification with acquisition of the
epidermal barrier function and desquamation of the
PSP unit followed by a special form of programmed cell
death (Saathoff et al., 2004) are due to a precisely
regulated sequence in that desquamation does not occur
until the lipid-based barrier of the cornified envelope is
completed (Sawyer and Knapp, 2003). Possibly cell
death is triggered by the appearance of the stratum
corneum in the emerging epidermis. We have observed
that keratinocytes do not adhere when seeded on the
surface of the cornified envelope of the epidermis
(unpublished observations). Keratinocytes require ad-
hesion in order to maintain cell proliferation (Grose
et al., 2002; Watt, 2002) and the same may apply to cells
of the PSP unit. It appears, therefore, likely that the
appearance of the cornified envelope in the emerging
epidermis initiates in cells of the PSP unit a differentia-
tion programme that finally leads to the special form of
programmed cell death (Saathoff et al., 2004). The lipids
of the cornified envelope would then fulfil the position
as central regulators of the interplay between PSP unit
and emerging epidermis. Another interesting aspect is
the supposition that the asymmetric distribution of
barrier-relevant ceramides might reflect an asymmetric
cell division at E6 as schematically depicted in Fig. 1 and
as deduced from the generally accepted notion on the
direct ectodermal origin of the periderm and the first
epidermal cell layer during embryogenesis (Sengel, 1990;
Sawyer and Knapp, 2003). Further studies are needed to
answer the still open and most interesting question as to
the mechanisms responsible for the dramatic up-regula-
tion of barrier-relevant ceramide formation, which
obviously coincides with the induction of cornification
of the emerging epidermis and the desquamation of the
PSP layer.
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Schlüter, H., Wepf, R., Moll, I., Franke, W.W., 2004. Sealing

the live part of the skin: the integrated meshwork of

desmosomes, tight junctions and curvilinear ridge struc-

tures in the cells of the uppermost granular layer of the

human epidermis. Eur. J. Cell Biol. 83, 655–665.



ARTICLE IN PRESS
G. van Echten-Deckert et al. / European Journal of Cell Biology 86 (2007) 675–682682
Schmitz, G., Müller, G., 1991. Structure and function of

lamellar bodies, lipid-protein complexes involved in storage

and secretion of cellular lipids. J. Lipid Res. 32, 1539–1570.

Segre, J.A., 2006. Epidermal differentiation complex yields a

secret: mutations in the cornification protein filaggrin underlie

ichthyosis vulgaris. J. Invest. Dermatol. 126, 1202–1204.

Sengel, P., 1990. Pattern formation in skin development. Int. J.

Dev. Biol. 34, 33–50.

Watt, F.M., 2002. Role of integrins in regulating epidermal

adhesion, growth and differentiation. EMBO J. 21, 3919–3926.
Weerheim, A., Ponec, M., 2001. Determination of stratum

corneum lipid profile by tape stripping in combination with

high-performance thin-layer chromatography. Arch. Der-

matol. Res. 293, 191–199.

Wertz, P.W., 1992. Epidermal lipids. Semin. Dermatol. 1,

106–113.

Wertz, P.W., Miethke, M.C., Long, S.A., Strauss, J.S.,

Downing, D.T., 1985. The composition of ceramides from

human stratum corneum and from comedones. J. Invest.

Dermatol. 84, 410–412.


	Specific distribution of barrier-relevant ceramides in the emerging �epidermis and the periderm/subperiderm during chicken embryogenesis
	Introduction
	Materials and methods
	Breeding of fertilized chicken eggs
	Separation of the PSP unit from the emerging epidermis
	Quantitative evaluation of lipids
	Electron microscopy

	Results
	Morphological and biochemical evidence for an up-regulation of epidermal barrier ceramides (Cer) at E17 of chicken embryogenesis
	Cer profiles of the PSP unit differ from that of the emerging epidermis throughout chicken embryogenesis

	Discussion
	Acknowledgements
	References


