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Alterations in Cer profiles during
embryonic SC formation

 

Epidermal Cers were separated into five distinct frac-
tions using TLC (

 

Fig. 3A

 

). The molecular structure of
each Cer has previously been confirmed by MALDI mass
spectroscopy (4). The epidermal Cer profile changed
markedly during the final period of mouse gestation. The
levels of Cer(NS) and Cer(NP) increased between 17.5
and 19.5 days EGA by 25% and 440%, respectively (Fig.
3B), paralleled by a decrease of the corresponding GlcCer
a/b fraction (Fig. 1B). In contrast, the levels of 

 

�

 

-hydrox-
ylated Cer(C24,26-AS) or Cer(16-AS) either remained
constant or decreased by 74%, respectively. Interestingly,
although GlcCer(EOS) was found to decrease during the
2-day period prior to birth this was also true for Cer(EOS),
which decreased by 43% between 17.5 and 19.5 days EGA
(Fig. 3B). This finding indicates that the recruitment of
either GlcCer(EOS) or Cer(EOS) for the formation of the

corneocyte lipid envelope occurs during this period of
epidermal barrier formation.

 

Formation of the corneocyte lipid envelope
during mouse gestation

 

To analyze the development of the corneocyte lipid en-
velope, the extractable lipids were removed from the epi-
dermis and the samples were subjected to alkaline hydrolysis
and re-extracted. Lipids recovered by this procedure were
separated by TLC into three distinct fractions (

 

Fig. 4A

 

),
which have previously been identified as 

 

i

 

) non-hydrox-
ylated fatty acids, 

 

ii

 

) Cer(OS), and 

 

iii

 

) 

 

�

 

-hydroxylated fatty
acids with a predominating chain length of 32-carbon and
34-carbon that are also found to predominate in Cer(OS)
(4). Between 17.5 and 19.5 days EGA the levels of
Cer(OS) and 

 

�

 

-OH-fatty acids recovered from the CE by
alkaline hydrolysis increased dramatically by 340% and
540%, respectively (Fig. 4B). The increase of these two

Fig. 3. Development of epidermal ceramide (Cer)
profiles with increasing gestational age. Epidermal
lipids were extracted and separated using TLC.
Panel A shows a representative TLC analysis of lipids
extracted from 1.5 mg dry epidermis. Lipids were
quantified by densitometric analysis (B). Data are
presented as the mean � S.D. (n � 4). The lipid
contents differ significantly at *** P 	 0.005; ** P 	
0.01; * P 	 0.05. n.s., not significant; X1 and X2, not
identified.

Fig. 4. Biogenesis of the corneocyte lipid envelope
during embryonic development. Ester linked epider-
mal lipids were released by alkaline hydrolysis and
analyzed by TLC. Panel A: Representative TLC anal-
ysis of lipids recovered from mice of different gesta-
tional ages (lanes 2, 4, 6). Note that the samples
were devoid of unbound lipids before undergoing
base hydrolysis (lanes 1, 3 and 5). B: Individual lipid
levels quantified by densitometric analysis. Data are
presented as the mean � S.D. (n � 4). The lipid
contents differ significantly at *** P 	 0.001; ** P 	
0.005; * P 	 0.05. n.s., not significant. FA, fatty acids.
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constituents of the corneocyte lipid envelope was most
prominent between 17.5 and 18.5 days EGA. In contrast,
the levels of non-hydroxylated fatty acids did not change
significantly during the two-day period prior to birth (Fig.
4B). Because it was not possible to isolate the epidermis of
pups at 16.5 days EGA, full thickness skin was processed
for analysis of protein-bound lipids. Neither Cer(OS) nor

 

�

 

-OH-fatty acids could be detected after alkaline hydroly-
sis of skin prepared form pups delivered at 16.5 days EGA.
Only trace amounts of protein-bound GlcCer were de-
tected in the epidermis of term pups (19.5 days EGA) and
pups delivered at either 17. 5 or 18.5 days EGA.

DISCUSSION

The SC of rodent epidermis is formed 2 or 3 days prior
to birth immediately after loss of the periderm. Within
this final period of gestation, a functional barrier is estab-
lished as measured by transepidermal water loss and dye
penetration kinetics (16, 17). In this study, we character-
ized the development of epidermal lipid profiles during
embryonic SC formation underlying the acquisition of a
competent barrier to water loss. It has been shown that
the processing of epidermal GlcCer to Cer is a prerequisite
for barrier formation (2–4). In these studies, transgenic
mice were used that were deficient in either GlcCerase or
sphingolipid activator proteins required for enzymatic de-
glycosylation of GlcCer. Here, we demonstrate that this
metabolic event correlates with the development of the
SC during normal mouse gestation.

Three days prior to birth, GlcCer was hardly detectable
in murine skin using immunohistochemistry. After further
24 h of gestation the GlcCer level peaked indicating that
the synthesis of GlcCer required for barrier competence
at birth is sharply initiated. The signal triggering the onset
of GlcCer biosynthesis in fetal epidermis remains to be de-
termined. At 17.5 days EGA GlcCer was localized predom-
inantly in vesicular structures. These putative epidermal
lamellar bodies were concentrated in a SC precursor com-
posed of one or two annucleated cell layer(s). The GlcCer
level decreased with ongoing gestation from 17.5 days
EGA to birth. During this period GlcCer accumulated at
the interface between the stratum granulosum and the de-
veloping SC. The immunhistochemical localization of
GlcCer at 18.5 days EGA suggests that the bulk hydrolysis
of GlcCer to Cer occurs within the extracellular domains
at the apical side of the stratum granulosum. The de-
crease of GlcCer levels between 17.5 and 19.5 days EGA is
most likely due to increased enzymatic hydrolysis of
GlcCer to Cer together with decreased de novo synthesis.
It has been shown that Cer synthesis decreases during late
rat gestation reaching a minimum when barrier compe-
tence is fully established at birth (22). Moreover, GlcCerase
mRNA and protein levels increase during rat barrier onto-
genesis (18).

The epidermal Cer profile changed during late mouse
gestation. In this work, we focused on alterations in lipid
profiles rather than on the increase of mass levels of barrier

lipids per surface area that is self-evident for the develop-
ing SC. This has previously been reported by Aszterbaum
et al. (16), who analyzed the SC lipids of fetal rats of various
EGA. Most interestingly, we found a decrease of Cer(EOS)
among the total Cer during late mouse gestation. Up to
this point, the free lipids were analyzed that were isolated
by solvent extraction. Corneocytes are known to be coated
by a monolayer of Cer(OS) and 

 

�

 

-hydroxylated fatty acids
that are covalently bound (i.e., ester-linked) to CE pro-
teins such as involucrin (8, 12). These lipids are ester-
linked to glutamate side chains of the proteins by their

 

�

 

-hydroxyl group (23). This corneocyte lipid envelope is
thought to be essential for the interaction of highly cross-
linked proteins of the CE with the extracellular lipid ma-
trix (13). The formation of the corneocyte lipid envelope
requires GlcCer(EOS), which is transacylated either prior
or after deglycosylation to CE proteins (3, 4). Most inter-
estingly, not only the epidermal level of GlcCer(EOS) but
also of corresponding Cer(EOS) decreased during gesta-
tional barrier formation indicating that a pool of both
GlcCer(EOS) and Cer(EOS) is recruited for the forma-
tion of the corneocyte lipid envelope. At least the recruit-
ment of GlcCer(EOS) is strongly supported by the accu-
mulation of protein-bound GlcCer in GlcCerase knock in
mice (3). Only traces of protein-bound GlcCer were de-
tected not only in term pups (19.5 days EGA) but also in
pups delivered at either 17.5 or 18.5 days EGA. This finding
indicates that GlcCer is rapidly deglycosylated after attach-
ment to CE proteins. However, since epidermal GlcCerase
expression is upregulated during late rat gestation (18), a
pool of protein-bound Cer was expected to remain glyco-
sylated at 17.5 days of mouse gestation. On the one hand,
the expression of GlcCerase at 17.5 days EGA might be
sufficient for rapid and complete deglycosylation of pro-
tein-bound GlcCer. On the other hand, it might be pre-
dominantly the free Cer(EOS), which is recruited for the
formation of the corneocyte lipid envelope when suffi-
cient GlcCerase activity is present.

The corneocyte lipid envelope is formed within the
final 2 day-period prior to birth. The levels of bound
Cer(OS) and 

 

�

 

-OH-fatty acids are very low at 17.5 days
EGA and increase dramatically within the following 48 h
of gestation until birth. The bound 

 

�

 

-OH-fatty acids de-
rive most probably from Cer(OS) by cleavage from the
sphingoid base mediated by acidic ceramidase acting on
either the bound or the free Cer(OS). In contrast, the levels
of non-hydroxylated fatty acids released by base hydrolysis
remained constant during SC formation. These fatty acids
were most likely recovered from non-CE structures such as
GPI anchored proteins.

It is widely recognized that the CE in conjunction with
the attached corneocyte lipid envelope is of critical impor-
tance for the skin barrier. Hardman et al. reported that
the murine skin possesses a partial barrier status at 16.5
days EGA and complete barrier competence at 17.5 days
EGA (17). This has been demonstrated by measuring
both transepidermal water loss and dye penetration kinet-
ics. Interestingly, at 16.5 days of gestation, a multilayered
SC is not present in mouse embryos and the corneocyte
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lipid envelope is hardly detectable even in those pups de-
livered at 17.5 days EGA. Extrusion of lamellar body con-
tents was first observed after 16 days of mouse gestation
with extruded lipid material remaining disorganized in
the interstices of the developing SC (17). This has also
been observed for rat embryos 3 days prior to spontane-
ous delivery (16). At this time point rat SC-lipids were not
enriched in GlcCers, indicating that the failure of extruded
lipid discs to form broad continuous lamellar bilayers is not
based on insufficient postsecretory processing of GlcCer
to Cer (16). In this study, we show that the corneocyte
lipid envelope is not yet present after 16.5 days of mouse
gestation. Therefore, this structure might provide a tem-
plate that is of critical importance for the postsecretory
dispersion and organization of SC-lipids. Other major
functions of the corneocyte lipid envelope might be to im-
prove the chemical and enzymatic resistance of the SC and
to contribute to the integrity of the barrier against environ-
mental insults. In addition, the hydrophobic interaction be-
tween the extracellular lipid bilayers and the corneocyte
lipid envelope may restrict swelling of intercellular do-
mains between adjacent desomosomes when the SC be-
comes hydrated.

It has been shown that pharmacologic inhibition of the
biosynthesis of 

 

�

 

-hydroxylated Cers results in impaired
barrier recovery after stripping the SC by adhesive tape
(9). However, from these data it is not possible to deduce
a specific role for protein-bound Cers in the skin barrier
because the level of Cer(EOS) is also reduced. The same
holds for a recent study showing a correlation between co-
valently bound Cers and transepidermal water loss in rats
that received a diet deficient in essential fatty acids (25).
The significance of the corneocyte lipid envelope for the
epidermal barrier is not clear at present. The bulk of

 

�

 

-hydroxylated Cers and fatty acids is attached to CE pro-
teins between 17.5 and 18.5 days of gestation. It is likely
that the barrier is nearly complete in Balb/c mice 2 days
prior to birth (i.e., at 17.5 days EGA). This has been dem-
onstrated, at least, for the ICE mouse strain used by Hard-
man et al. (17) and for Sprague-Dawley rats (16). There-
fore, the formation of the corneocyte lipid envelope
might not be required for the initiation of barrier func-
tion during epidermal development. However, protein-
bound lipids present in small quantities at 17.5 days of
gestation might be restricted to the lowermost layer of the
developing SC. In this scenario the corneocyte lipid enve-
lope might be relevant for SC-lipid organization and bar-
rier maturation. The later accumulation of measurable
amounts of Cer(OS) simply may require the presence of a
number of corneocyte layers. Recently, it has been re-
ported that epidermal tight junctions play a significant
role in the skin barrier function (24). It is likely that tight
junctions provide a partial barrier sealing the stratum
granulosum from the developing SC unless the matura-
tion of the CE is completed.

In conclusion, we have characterized distinct lipid bio-
chemical alterations in the epidermis during mouse gesta-
tion. GlcCer is targeted to the apical side of the stratum
granulosum and the enzymatic processing of these pro-

barrier lipids provides Cers required for the formation of
the corneocyte lipid envelope. The assembly of the cor-
neocyte lipid envelope correlates with the organization of
SC-lipids into continuous lamellar bilayers but appears to
be preceded by acquisition of a partial barrier status. Fur-
ther studies are required to clarify the role of the corneo-
cyte lipid envelope for the homeostasis and integrity of
the epidermal permeability barrier.
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