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The epidermis (including stratum corneum) of human kera-
tinocytes cultured at the air-liquid interface attached to an
appropriate substrate shows a morphology closely mimick-
ing that of its in vivo counterpart. In spite of the histologic
similarities, the barrier function seems to be impaired. The
aim of the present study was to characterize development and
structure of the epidermal permeability barrier in two human
skin recombinants using electron microscopy (including ru-
thenium tetroxide-post fixation technique) and analysis of
lipid composition. The epidermis was reconstructed by
growing human keratinocytes either on de-epidermized
dermis or on a bovine collagen-containing matrix with active
fibroblasts (Living Skin Equivalent). Ultrastructurally both
culture systems showed a) an abnormal lamellar body deliv-
ery system, b) disturbance of transformation into lamellar
lipid bilayers, c) an impaired structural organization and dis-
tribution of the epidermal lipids in the intercellular spaces. In
cither of the systems used, prolongation of the culture period

did not induce any significant improvement in the stratum
corneum lipid organization. Whereas the Living Skin
Equivalent showed only sparse lamellar bodies, the number
o? lamellar bodies in the human keratinocyte culture on de-
epidermized dermis grown in regular medium seemed to be
comparable to native skin. Contrary to the Living Skin
Equivalent, the keratinocyte culture on de-epidermized
dermis contained a higher number of intracorneocytic lipid
droplets correlating with a higher triglyceride content in the
lipid analyses. By reconstructing the keratinocyte culture on
de-epidermized dermis with the same medium as used for the
Living Skin Equivalent, both lipid composition (lower tri-
glyceride, higher ceramide contents) and structural organi-
zation were improved, and regular lamellar lipid bilayers
comparable to those of native skin appeared. Key words: epi-

dermal lipids/ultrastructure/triglyceride/culture media. ] Invest
Dermatol 102:366—374, 1994

ir-exposed (A/E) human and murine keratinocyte cul-
tures have been demonstrated to possess a multilayered
stratum corneum (SC) [1-5] that exerts a substantial
diffusion barrier. However, recent studies show that
in spite of comparable architecture of the epidermis
and of a histologically normal-looking SC, the A/E keratinocyte
cultures show a reduced permeability barrier to water and other
substances [4,6 -9] when compared with intact human skin.

It is generally accepted that the epidermal lipids (ELs) contribute
substantially to the regulation of the water permeability barrier of
the SC [10,11]. Recent studies propose the structural organijzation
of the SC lipids may be as important in barrier function as the unique
lipid composition [11-14].

In contrast to conventional, submerged keratinocyte cultures, the
A/E cultures grown on various dermal substrates (such as de-epider-
mized human dermis [1,2], collagen-coated nylon membranes [15]
or collagen gels with or without metabolic active fibroblasts [9,16])
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display the capacity to synthesize all lipid species that are present in
native tissue; some lipids are synthesized and /or metabolized at rates
different from those in vivo. This leads to the difference in bulk lipid
composition between the A/E keratinocyte cultures and the native
tissue [2,3,15,17]. Air-exposed human keratinocyte cultures were
found to contain a significantly higher content of triglycerides and a
lower content of essential fatty acids [2]. But important precursors
of barrier lipids (acylglucosylceramides) [18,19] and ceramides [20],
the lipid cfass most indicative of completed differentiation, are
present there in significant amounts [2,21].

Furthermore, A/E cultures are capable of producing lamellar
bodies [2,3,5,15], which are the putative source of the SC lipids
[22,23]. Similar to in vivo, lamellar bodies in A/E murine keratino-
cyte cultures were found to extrude their contents into the intercel-
lular spaces of the SC [5], and there form multilayered lipid lamellae
lacking the regular pattern observed in human skin [14,24,25].

In A/E human keratinocyte cultures, freeze-fracture electron mi-
croscopy has shown local anomalies in the lamellar structure of the
intercellular lipids in the cornified layers [3], which may be respon-
sible for the impaired barrier function of these cultures. However,
this method bypasses the more polar domains because of the prefer-
ential deviation of the fracture plain to the most hydrophobic sur-
faces [14]. The aim of the present study was to obtain further insight
into the intercellular lipid organization of in vitro-reconstructed
epidermis using the ruthenium tetroxide (RuO,) post-fixation
technique. In addition to biochemical analyses of epidermal lipids,
the SC lipid structures in various human skin recombinants (con-
structed by growing keratinocytes on de-epidermized dermis [RE-
DED] or on fibroblast-populated collagen matrices [LSE]) were ex-
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Figure 1. Light microscopy of the A/E cultures. a) RE/DED/M grown in regular medium displaying a distinct, prominent stratum granulosum and a
convoluted dermal-epidermal junction with a better organized basal layer than in LSE. The stratum corneum layer seemed to be more compact (X 486). b) LSE
showing no rete projection and a more “basket-weave’ arrangement of SC than RE-DED/M (magnification X 486). ¢) RE-DED grown in GM. On the light

microscopical level the SC structure resembles b. (H&E; bar, 20 um.)

amined and compared with those of the native epidermis.
Furthermore, improvement of the quality of the RE-DED system
by a modification of the media composition could be demonstrated
not only by modulations of the EL profile, but also by the ultrastruc-
tural assessment of the lamellar body (LB) secretory system and the
lipid structure organization of the SC.

MATERIALS AND METHODS

Keratinocyte Cell Culture

Air-exposed Keratinocyte Culture Grown on De-epidermized Dermis (RE-DED):
Secondary cultures of adult human keratinocytes (obtained from healthy
patients undergoing surgical corrections) cultured using the Rheinwald-
Green method [26] were seeded on de-epidermized dermis and cultured
under air-exposed conditions [1] in our regular culture medium (M) (Dul-
becco-Vogt and Ham’s F12 [3: 1] medium supplemented with 5% HyClone
calf serum [Greiner], 0.4 ug/ml hydrocortisone, 1 4M isoproterenol, 5 ug
insulin/ml, and 10 ng/ml epidermal growth factor) [2] or in Genesis Living
Skin Construct Media (GM): 3 d under submerged conditions in Genesis
Epidermal Growth Medium (GM1), 1 week after lifting to the air-liquid
interface in Genesis Cornification Medium (GM2), and subsequently for
various time intervals in Genesis Maintenance Medium (GM3), according to
the instructions of the manufacturer. The base medium of GM1 is a 3:1
mixture of Ham’s F-12 medium and calcium-free Dulbecco’s modified
Eagle’s medium. This medium is supplemented with 1.88 mM CaCl,, 0.3%
chelated newborn calf serum, and 4 mM L-glutamine. The medium has a
final concentration of each of the following components: not in excess of
50 ug/ml gentamicin sulfate, adenine, and ethanolamine/o-phospho-
rylethanolamine; and not in excess of 10 ug/ml selenium, insulin, trans-
ferrin, triiodothyronine, progesterone, and hydrocortisone. GM2isa 1:1
mixture of calcium free Dulbecco’s modified Eagle’s medium and Ham’s
F-12. It is additionally supplemented to 1.95 mM CaCl,, 2% newborn calf
serum, and 4 mM L-glutamine (other components like in GM1). GM3 is a
1:1 mixture of calcium free Dulbecco’s Modified Eagle’s Medium and
Ham’s F-12. It is additionally supplemented with 1.95 mM CaCl,, 1%
newborn calf serum, and 4 mM L-glutamine (other components like above).

Living Skin Equivalent (LSE) (Organogenesis, Cambridge, MA) was,
after arrival, kept for various time intervals in GM3.

Normal Human Skin To compare the architecture of the culture system
with human skin, morphologic studies of normal skin from seven control
subjects without skin disease undergoing excision of tattoos (from arms)
were performed.

Morphologic Studies To assess the morphology that accompanies the
age of the cultures, DED cultures were harvested on d 10, 14, and 25 after
the air exposure (n = 5) and the LSE cultures were harvested 15 d after
lifting the cultures to the air (1 d after the arrival of the cultures), and ond 25
and 43 post air-lifting (n = 6), respectively. (According to the obtained
information from the manufacturer, the LSE were shipped 14 d after lifting
to theair). At each time point, the cultures were split for morphologic studies
and for lipid analyses.

Light Microscopy:  For routine histology, parts of the cultures were fixed in
4% buffered formaldehyde and processed for embedding in paraffin. Vertical

sections were stained with hematoxylin and eosin. For immunohistochem-
istry, embedment was performed in OCT compound and stored at —70°C.
Samples were then sectioned to 4 -6 gm at —20°C, air-dried, and immuno-
labeled using the streptavidin-biotin method and the three-stepped peroxi-
dase method. Monoclonal antibodies used were anti-filaggrin (B.T.I.
Stoughton, MA) (1:150 dilution), anti-membrane-bound transglutamin-
ase (1:1000) [27], anti-keratin 1, AF 87 (1:500) [28], anti-keratin 6, AF 124
(1:1500) [29], and anti-keratin 10, RKSE60 (1:5) [30], and the rabbit anti-
seyum directed against involucrin (1:2000) [31].

Enzyme reactivity was visualized using 3-amino-9-ethyl-carbazole as
their chromogenic substrates. For control the primary antibodies were re-
placed with 1% bovine serum albumin in phosphate-buffered saline. All the
controls revealed negative staining.

Electron Microscopy:  After rinsing in buffer, cultures were divided and fixed
in cacodylate-buffered 2.5% glutaraldehyde and then post-fixed with 0.5%
ruthenium tetroxide (RuO,) and 0.25% aqueous potassium ferrocyanide in
darkness at 4°C [25,32]. The other half was processed routinely (fixation
with 2.5% glutaraldehyde, post-fixation with 1% osmium tetroxide
[050,]). Tissue sections were then dehydrated in graded ethanol and em-
bedded in Spurr’s resin (RuO,-fixed samples) or Epon 812 (OsO,-fixed
samples).

Thin sections were examined before and after double staining with etha-
nolic uranyl acetate plus lead citrate, via Jeol 100 CX electron microscope.
Serial semithin sections of the OsO,-fixed samples were stained with 1%
methylene blue. The relative volume of LB of the uppermost subcorneal cell
layers of ic epidermis (first layer of stratum granulosum [SG]) was measured
by applying standard ultrastructural stereologic methods [32-35]. Details of
these methods are published in Fartasch et al [32]. In brief, two blocks
(osmium-fixed and Epon-embedded) from cultures and controls (three RE-
DEDs reconstructed with M, two LSEs and two RE-DEDs reconstructed
with GM, and three samples of native epidermis) were sectioned perpendic-
ulas to the skin surface. At randomly selected areas at least five cells of the SG
cel] layer were photographed consecutively in slightly overlapping fields, at
a primary magnification of X 6600. The negatives were printed to give a
finagl magnification of X 66000. By fitting the slightly overlapping clectron
micrographs together a complete picture of the SG layer was obtained. The
boundary of the five cells of SG were determined on the electron micro-
graphs and outlined by a marker. LBs were identified by their typical lamel-
lar ynternal structure and their cell membrane-like coating membrane. Using
comx.neraal computer software (Videoplan, Kontron, Bildanalyse GmBH,
Munich, Germany— the volume of LB (in percent) from sections of at least
five SG cells were measured. The following stereologic parameters were
measured.

fLBinl
area o in layer .00,

% volume of LB in SG layer =
total area of cell layer

Yo quantify the lipid droplets in the corneocytes of the different culture
systems (three RE-DEDs reconstructed with M, two LSEs and two RE-
DEDs reconstructed with GM, and three samples of native epidermis), their
total volume from sections of at least two adjacent corneocytes from the first
SC layer and two superposed corneocytes from the second SC layer (total
volume of four corneocytes) was assessed. From each culture (n = 7) two
RuO,-fixed blocks were sectioned. Three ultrathin sections were mounted
on ¢very Formvar-coated copper grid. Randomly selected areas were photo-
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Figure 2. Prelaminar LB sheets in normal human skin. In saccular extracellular domains
the dilatated ICS laminar lipid bilavers and a lipid envelope (—) have already appeared (

raphed and the corneocytes were outlined. Lipid droplets were identified
Ey their round or oval non-membrane-bound form and their fairly opaque
interior laying within the corneocytes. (
Comparisons between the different cultures and the controls were made
by the Wilcoxon-Mann-W hitney test. All reported p values are two tailed.

Number of Stratum Corneum Cell Layers and Viable Epidermis of
the Cultures All cell numbers were counted from the semithin sections
(Epon-embedded) of the epidermis and were controlled by electron micros-
copy. Three Epon blocks (from random selection) were used per time point.
Six counts were made per specimen (three over rete projections and three
above dermal papillae in RE-DEDs) and the total mean was calculated for
each time point.

Lipid Extraction and Separation Lipid analyses were performed paral-
lel to the morphologic studies at different time points of cell culture. Recon-
structed epidermis was harvested by heating the tissue for 1 min at 60°C.

Lipid extraction, separation, and quantification were performed as described
earlier [2].

RESULTS

Comparison of Keratinocyte Cultures Grown on De-
epidermized Dermis (RE-DED/M) with Living Skin
Equivalent (LSE)

Light and Immunohistochemistry: The evaluation of tissue architec-
ture of RE-DED /M and LSE cultures (Fig 1a vs b) was performed at
comparable time points (RE-DED/M after 10-12 d and LSE 15 d
after air exposure). In contrast to LSE, the RE-DED displayed
prominent rete projections. The keratohyalin granules in RE-
DED/M (Fig 1a) appeared to be more prominent as compared to
LSE (Fig 1b); additionally, the stratum corneum layer of RE-IDED /
M appeared to be more compact whereas the LSE depicted a more
basket-weave pattern. RE-DED/M shows a more organized bagal
layer with perpendicular oriented basal cells and five to eight Jiving
cell layers. No differences between the cultures could be detected in
the immunohistochemical distribution pattern of the epidermal
maturation and differentiations markers, i.e., of keratins 1, 10, in-
volucrin, transglutaminase, and filaggrin. Both culture systems
showed keratin 6 expression (data not shown).

The evaluation of culture morphology at different time intervals
after the air exposure (in RE-DED/M: 15 d, 25 d; in LSE: 25, 43 d)
revealed that the viable Earts of the epidermis had rapidly thinned

with only one or two viable cell layers left, whereas the thickness of
the SC had increased (data not shown).
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redominantly coiled lipid sheets are found. In the upper region of
Ear, 0.1 um).

Electron Microscopy

Lamellar Body Structure and Delivery System at the SG/SC Interface:
The cells of the SG in both culture systems revealed pleomorphic
keratohyalin granules that were not interconnected with tonofila-
ment, as was the case in freshly excised skin. Comparing the relative
total volumes of LBs there were no statistically significant differ-
ences between RE-DED /M and the native epidermis (RE-DED/M,
volume of LBs in percent of total volume of cell layer; V;: median
3.42% [range 2.2%-3.6%]; native epidermis; V,: median 3.87%
[range 2.73% -4.92%]). However, in LSE the relative total volume
of LBs were significantly decreased compared with RE-DEDs and
native epidermis (p < 0.01). In RE-DED/M and LSE the internal
contents of LBs seemed to be normal both by OsO, and RuO,
fixation, consisting of lamellar arranged disc-like structures, show-
ing major electron-dense lamellae, which were separated by a elec-
tron-lucent material divided centrally by a minor, electron-dense
band [36,37].

Comparison of both RE-DED /M and LSE cultures with freshly
excised skin showed that the secretion of LB lipids was disturbed. In
normal human skin, exocytosis of LB lipids into the intercellular
space (ICS) was completed at the stratum granulosum (SG)/stratum
corneum (SC) interface [32]. In the secreted stage they form unfurl-
ing LB sheets (the electron-lucent material still being divided by a
striated electron-dense band) within hemispherical saccular dilata-
tion of the ICS at the SG/SC interface [25,38] (Fig 2a,b). The
LB-derived lipid sheets precede the lamellar intercellular lipid bi-
layers. In the cultures in some areas regular but short stacks of LB
contents were formed in very small dilatations of the underlying SG
cell (Fig 3a,c). In the area in which the LB already had fused with the
SG cell membrane, tangles of lipid membranes were found, which
could have originated from the disturbed secretion of LB lipids (Fig
3b,c). Additionally, individual corneocytes in the lower portion of
the SC displayed profiles of unsecreted LBs (not shown).

Inclusions of the Stratum Corneum Cells: The low-power magnifica-
tion of both air-exposed cultures (RE-DED /M and LSE) shows the
appearance of numerous intracellular non - membrane-bound lipid
droplets (Fig 44). In some areas additionally crystalline inclusions
(postulated to be cholesterol clefts) were seen (not shown). No such
inclusions were found in the native epidermis. The relative total
volume of lipid droplets in LSE was lower than seen in RE-DED /M
(p <0.01, data not shown). Prolongation of culture time did not
lead to the reduction of the number of lipid droplets. In addition, in
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Figure 3. In the A/E cultures only shortened LB sheets were extruded at

the lower parts of the SC incompletely degraded organelle mem-
branes were found.

Intercellular Arrangement of Epidermal Lipids: In normal human skin
the ICS appears to be continuously filled with lipid lamellae form-
ing a repetitive pattern [14,24,25]. The lipid envelope, found both
in human epidermis [39] and in A/E murine cultures [40], is com-
lexed to the cornified envelope, followed by an electron-dense
lamellae [14,25]. Then two electron-lucent lamellae, separated by a
narrow-appearing interrupted electron-dense lamellae, are de-
icted.
4 In both culture systems (RE-DED/M and LSE) a great variability
in intercellular lamellar organization was found. In some sites, there
were no electron-lucent and electron-dense lamellae present. One
lamellae corresponding to the lipid envelope then remained at the
cell surface and the lipid envelopes of adjacent corneocytes were
brought into close apposition. In some areas (found at all levels of
the SC) fusiform interdesmosomal dilatations of ICS were detected.
The interior of the dilated interdesmosomal regions contained a
mixture of an amorphous electron-dense substance and lamellar
material that resembles extruded elongated LB-derived sheets, with
the same substructure and dimension as initially secreted LB sheets
[25,28]. They have apparently failed to reorganize into lamellar
lipid bilayers. These accumulations of membranous material, re-
vealed by the RuQ,, staining showed either a more string-like ar-
rangement of the intercellular lipids (A,) (Fig 4b—d), or, with an
increase of the lipid amount, a whorl-like arrangement (A;) of the
lipid layers, dispraying the same pattern (electron-lucent material
separated by a minor electron dense band) as was apparent in the LB
sheets (Fig 4e). Intermediate or transitional forms between these
two different types of lipid accumulation were also found. Only in

the SG/SC interface (a). No prominent indenting of the underlying SG
and transitional cell is found (D = desmosome). Tangles of lipid membranes (b, ¢) and extruded short LB sheets (arrow in ¢) are scen simultaneously (bar,

0.1 um).

some areas four to six multilamellar lipid structures were found in
the ICS but lacked the periodicity seen in normal skin (Fig 4f).
There was no improvement of the EL organization with prolonga-
tion of the culture time up to 30 d.

Lipid Composition: The results of the analysis of the epidermal lipid
composition of RE-DED reconstructed in regular medium (Fig 5,
lage 35 Table I, column 2) and LSE cultures (Fig 5, lane 1; Table I,
column 1) revealed that the keratinocytes synthesize all lipids that are
found in normal human epidermis. In both types of cultures the
re]ative amounts of most of the lipid classes were similar, the only
exception being the content of triglycerides, which was much
higher in RE-DED/M cultures as compared with the LSE and the
amount of ceramides in LSE, which seemed to be slightly higher
than in RE-DED/M.

Prolongation of the culture time of both LSE and RE-DED led to
a ynarked thickening of the stratum corneum and to the decrease of
the number of viable cell layers (data not shown). This resulted in a
gradual de.crease in total phospholipid content and in an increase in
the ceramide content. During the whole culture period the triglyc-
eride content in RE-DED grown in regular culture medium M was
higher as compared with LSE (data not shown).

Eg@fect of Genesis Medium (GM) on Keratinocytes Grown on
De¢-Epidermized Dermis (RE-DED/GM) On the light mi-
croscopical level the stratum corneum of LSE compared with the
RE-DED/GM cultures showed no differences (Fig 1b,c). The pat-
texns of expression of immunohistologic markers tested were also
the same (data not shown).

Comparing the relative volume of LBs of the RE-DED/GM (V,,
median 4.27% [range 3.26%-4.81%]) with RE-DED/M and the
native epidermis there were no significant differences. However,
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Figure 4. Survey of the RE-DED/M culture (a) shows multiple lipid droplets (L) in the corneocytes. Additional irregular dilatations of the ICS (—) (X 4780;
bar = 20 pm). Higher magnifications of the dilated ICS showing them filled with accumulations of lipid membranes (b,¢,d) forming string-like (A1) or
whorl-like (A2) structures. (b, magnification X 33200, bar, 1 um; ¢ X 125,400; bar, 0.1 ptm; d, X 100,000; bar, 0.1 gm). Comparison of the membrane structures

of the lipid accumulations of the cultures (¢) with the regular lamellar lipid pattern of human skin ( f) showed structural similarities with the broad LB sheets in
Fig 2 (bar, 0.1 um).
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Figure 5. Thin-layer chromatography separation of lipids extracted from
LSE, RE-DED grown in Genesis medium (GM) or regular (high) glucose
(M) medium. PL, phospholipids; CSO4, cholesterol sulfate; GSL, gluco-
sphingolipids; AGC, acylglucosylceramides; CER, ceramides; FFA, free
fatty acids; CH, cholesterol; LAN/DG, lanosterol/diglycerides; TG, tri-
glycerides; CE, cholesterol esters.

the relative total volume of intracellular lipid droplets in the cor-
neocytes of RE-DED/GM decreased significantly as compared with
that of RE-DED/M and LSE (p < 0.001, data not shown). Only a
few droplets were found in the whole sections. Whereas in RE-
DED grown in regular medium and in LSE the regular pattern of
epidermal lipid (EL) lamellar arrangement was not observed and
mainly accumulations of intercellular lipids were seen, in the modi-
fied culture (RE-DED/GM) the regular pattern of EL lamellar ar-
rangement appeared (Fig 6a); only a few accumulations of the A,
type intermediate between the regular lamellar arranged lipids and
the A, type were depicted (Fig 6b). In general the intercellular
spaces of the RE-DED/GM were more regular (Fig 7a), but still
regions with high numbers of lamellar lipid membranes were found
throughout the middle and upper part of the SC (Fig 7b).

The lipid analyses of the reconstructed epidermis on de-epider-
mized dermis with the medium of the same composition (GM) as
used for the preparation of LSE resulted in a marked decrease in
triglyceride content and increase in ceramide and acylglucosylcera-
mide contents (Fig 5, lane 2; Table I, column 3).

A summary of the morphologic and biochemical characteristics
of the culture systems is found in Table II.

DISCUSSION

Our ultrastructural studies have shown that even though both cul-
ture systems (RE-DED and LSE) expressed signs of hyperprolifera-
tion as judged from the expression of involucrin, transglutaminase,
keratin 6 [17], and cell cycle time [41], the processes involved in the
formation of intercorneocyte lipid structures seem not to be totally
comparable with those observed in other hyperproliferative disor-
ders. Namely, in hyperproliferative diseases, such as psoriasis [42],
ichthyosis congenita [43], irritated, and then latex-occluded, mur-
ine epidermis [38], congenital ichthyosiform erythroderma [44], and
atopic dry skin [32,45], the LB-derived membrane structures persist
to higher layers within the SC interstices. In contrast, in recon-
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Table I.  Lipid Composition of Reconstructed Epidermis®
RE-DED RE-DED
LSE (M) (GM)
Skin Recombinant (n=4) (n=3) (n=13)
Percentage of total lipids®
Phospholipids 296 (1.2) 246 (35 280 (8.7)
Sphingomyelin 5.0 (0.7) 3.8 (0.5) 4.1 (1.1)
Phosphatidylcholine 10.7 (0.4) 9.1 (1.7) 10.1 (2.7)
Phosphatidylserine 2.2 (0.5) 1.7 (0.3) 25 (1.0)
Phosphatidylinositol 4.6 (1.5) 4.6 (0.5) 4.0 (1.7)
Phosphatidyletha- 7150 (1:8) 54 (2.2) 7.3 (2.6)
nolamine
Cholesterol sulfate 3.9 (0.4) 2:2¢.(0.7) 3.0 (0.2)
Glycosphingolipids 2.0 (1.0 1.0 (0.6) 2.7 (0.3)
Acylglucosylceramide 0.7 (0.2) 0.2  (0:1) 1.5 (0.2)
Ceramides 10.6 (1.0) 8.8 (0.8) 14.1 (2.3)
Free fatty acids 22 (0.7) 31 (1.6) 39 (2.5)
Cholesterol 35.7 (1.6) 31.0 (5.4) 32.3 (5.6)
Lanoslterol/diacylglyc- 5.9 (1.0) 2.8 (1.1) 5.0 (1.0)
erols
Triacylglycerols 8.6 (2.2) 25.1 (2.9) 6.6 (1.2)
Cholesterol esters 0.7 (0.2) 1.2 (1.0) 29 (2.4)
Individual ceramides, percentage of total ceramides¢
Ceramide 1 154 (1.0) 132 (L.1) 164 (2.1)
Ceramide 2 43.0 (2.1) 40.7 (3.2) 41.2 (2.2)
Ceramide 3 18.2 (0.6) 19.0 (1.1) 21.6 (0.3)
Ceramide 4 + 5 140 (200 173 (0.9) 119 (1.1)
Ceramide 6 9.4 (1.1) 98 (06) 88 (0.7)

« DED cultures grown in standard or Genesis medium were harvested on d 10 after
the air exposure and the LSE cultures were harvested 1 d after the arrival of the cultures,
i.e, ond 15 postair-lifting. Reconstructed epidermis was harvested by heating tissue for
1 min ac 60°C and the lipid extracted and separated by means of HPTLC.

b Values are given as average percentage of total lipids &= SD (in parentheses).

¢ Various detected ceramide fractions were grouped together into six fractions that
correspond closely in terms of mobility (same Rf value) on TLC to the pig epidermal
ceramide fractions (1,2,3 4 + 5, and 6) kindly provided by P. Wertz [21,57).

4 Cergmide 1 = acylceramide.

Figure 6. a) High numbers of lipid lamellae were seen, focally showing the
regular pattern (—) comparable to normal human skin (magnification X
220,000; bar, 0.1 um). b) In the RE-DED culture grown in GM medium
only accumulations of the A1 type were found, showing simultaneously
regular Jamellar lipid layers in some regions (bar, 0.1 m).
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structed epidermis there seems to be an alteration of the LB delivery
system because LB lipids were not fully extruded from the cells,
resulting in partial retention of LBs in SG cells and in corneocytes.

In normal human skin the formation of lamellar arranged bilayers
(lipid layers) is preceded by the formation of long prelaminar LB
sheets situated extracellularly in saccular compartments of the inter-
cellular spaces, the SC/SG interface [25]. The observed failure of
extrusion in reconstituted epidermis and the failure to form saccular
invagination of the upper SG cell membrane may be due to simulta-
neously occurring alterations of the cytoskeleton (microfilaments,
microtubules, and keratin intermediate filaments). There is evi-
dence that the individual components of the cytoskeleton are struc-
turally associated with each other as well as with the cellular mem-
brane. The forces for the extrusion of secretory products are
probably provided by the action of the actin-myosin contractile
systems and studies of Zamansky [46,47] have shown that actin
appears to be intimately associated with keratin. Immunohistochem-

Table II. Biochemical and Ultrastructural Characteristics of

A/E Cultures*

Intercellular Epidermal Lipids

TG Lipid droplets LB A; A, Lamellar Reg Lam

LSE + 4 D + - + -
RE-DED/M  ++ ot N + + + -
RE-DED/GM () () N + —  ++ [+

* TG, triglycerides; reg lam, regular lamellar pattern comparable to normal human
skin; Ay, lipid sheets with string-like arrangement; A,, lipid sheets with onjon-like
arrangement; N, normal; D, diminished; —, absent; [+], ultrastructurally only focally

present; (+), biochemically slightly increased compared to normal skin, ultrastruceur-
ally low amounts.
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Figure 7. a) The width of the ICS in RE-DED/GM were more regular compared to LSE and
RE-DED/M. The corneocytes lacked the lipid droplets (magnification X 39,000 bar, 1 um).
b) In some regions, in addition to regularly formed ICS (arrowhead) multilamellar lipid struc-
tures were found (arrow), lacking the normal pattern (arrow, desmosome) (bar, 1 pm).

ical studies have convincingly shown that the cultures show a path-
ologic expression of keratin [17,48]. It is tempting to speculate that
these alterations may have an influence on the cytoskeleton and may
1) inhibit the formation of a special saccular compartment that
might offer a unique micro-environment to facilitate the transfor-
mation process of the LB sheets into bilayers [25] and 2) alter the
secretion and intracellular movement of the LBs, which, assuming a
lysosomal origin of the LBs, depends probably on the functional
integrity of both actin filaments and microtubules [49,50].

The situation in reconstructed epidermis is also different from
that found in mice treated topically with inhibitors of HMGCoA
reductase [51] in which a mixture of LB sheets and mature lamellar
bilayers was observed in the lower and middle part of SC. The
finally formed stratum corneum intercellular lamellar bilayers were
indistinguishable from those seen in the control animals.

On the contrary, the in vitro reconstructed epidermis demon-
strated great variability in intercellular lipid organization. There
was not only a deficiency in the quantity of EL but also a defect in
the distribution of abnormal structured EL, with considerable varia-
tions in ICS width throughout the whole stratum corneum. The
abnormalities in lamellar substructures did not improve with the age
of the culture, as our timecourse series on the cultures have shown.
Within dilated interdesmosomal regions the cultures displayed la-
mellar material that resembled extruded LB sheets that have appar-
ently failed to undergo rearrangement into lamellae bilayers, instead
forming typical whorl-like accumulations. Similar atypical and in-
complete processed lamellar lipid structures have been shown to
occur in the ICS after inhibition of epidermal S-glucocerebrosidase
[52] and in p-glucosylcerebrosidase —deficient transgenic mice,t

tHolleran WH, Menon GK, Elias PM, Ginns EI, Sidransky E: 8-Gluco-
cerebrosidase-deficient transgenic mice have abnormal stratum corneum
lamellar bilayers. J Invest Dermatol 100:513A, 1993.
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suggesting that the extracellular transformation of tl}e lipids in the
culture systems may be disturbed due to the alteration of enzyme
activities. The enzyme activity may be disturbed possibly due to a
high buffer capacity of the culture medium (preventing the forma-
tion of appropriate pH gradient for enzyme activity), the failure of
LB (and their proton pumps [53]) to fuse with the apical cell mem-
brane and induce an optimum extracellular pH necessary for the
activation of enzymes, and/or a decreased secretion of appropriate
hydrolases in the ICS.

An important question that deserves further studies is why the
LSE culture system forms fewer LBs than the RE-DED. One can
speculate that the presence of a basal membrane (in the RE-DED)
plays an important role for the epidermal morphogenesis and,
among other factors, may affect the LB formation. On the other
hand our studies have shown that the presence of fibroblasts seemed
not to be crucial for LB formation, as lower amounts of LBs were
found in LSE.

In spite of the differences in the composition of culture medium
and of the dermal substrate, the irregularities in EL formation (orga-
nization and distribution) were similar. To a certain degree, this was
also the case with the occurrence of neutral lipid droplets in the
corneocytes. Inspection of OsO,- and RuO-fixed material revea}lgd
the presence of numerous intracellular non - membrane-bound lipid
droplets that have been shown to contain neutral lipids [44,54],
especially within the corneocytes of RE-DED grown in regular
medium. The appearance of lipid droplets seems to be a common
finding in various air-exposed culture systems with different dermal
models [7,15]. The biochemical lipid analyses showed the highest
triglyceride contents of the RE-DED grown in regular medium (M)
and this correlated with the presence of lipid droplets in the corneo-
cytes. In vivo, lipid droplets are found in different types of ichthyo-
sis, psoriasis, and essential fatty acid deficiency, all these diseases
showing signs of hyperproliferative abnormalities. It has been sug-
gested that the occurrence of these neutral lipids in the corneocytes
is due to an effect of cellular hypoxia, which could probably be
induced by a hyperproliferative state of the air-exposed cultures.
Under these conditions it would be easier for the cells to metabolize
carbohydrate than fat, so that there would be a tendency for intra-
cellular fat to accumulate [55]. The hypothesis of an anaerobic con-
dition of the cultures is also corroborated by a high lactate produc-
tion (taken as a measure of anaerobicity) and its dependence on
glucose levels in culture medium [56]. By lowering the glucose level
both lactate production and triglyceride contents in RE-DED cul-
tures were markedly decreased.

In summary, by applying the RuO, staining techniques, the
barrier structures of human skin recombinants could be analyzed in
detail, revealing consistent abnormalities in membrane structure
that have not previously been possible to evaluate, due to the lack of
methods for the visualization of the contents of the SC intercellular
spaces. The data suggest that improvements of barrier structures and
barrier-associated epidermal lipids in the A/E cultures can probably
be induced by the regulation of keratinocyte metabolism. Modifica-
tion of culture medium composition showed that the keratinocytes
in de-epidermized dermis culture system have the potential and the
ability to form mature barrier structures.

We thank Ch. Zech, J. Kempenaar, A. Weerheim, and M. Verhoeven for excellent
technical assistance.

REFERENCES

1. Régnier M, Pruniéras M, Woodley D: Growth and differentiation of adult human
epidermal cells on dermal substrates. Frontiers Matrix Biol 9:4-35, 1981

2. Ponec M, Weerheim A, Kempenaar ], Mommaas A, Nugteren DH: Lipid com-
position of cultured human keratinocytes in relation to their differentiation.
J Lipid Res 29:949-961, 1988

3. Boddé HE, Holman B, Spies F, Weerheim A, Kempenaar ], Mommaas M, Ponec
M: Freeze-fracture electron microscopy of in vitro reconstructed epidermis.
J Invest Dermatol 95:108-116, 1990

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20-
21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

BARRIER STRUCTURE AND LIPIDS IN CULTURED SKIN 373

Mak VHW, Cumpstone MB, Kennedy AH, Harmon CS, Guy RH, Potts RO:
Barrier function of human keratinocyte cultures grown at the air-liquid inter-
face. J Invest Dermatol 6:323-327, 1991

Madison KC, Swartzendruber DC, Wertz PW, Downing DT: Lamellar granule
extrusion and stratum corneum intercellular lamellae in murine keratinocyte
culturcs.j Invest Dermatol 90:110-116, 1988

Ponec M, Wauben-Penris PJJ, Burger A, Kempenaar ], Boddé HE: Nitroglycerin
and sucrose permeability as quality markers for reconstructed human epidermis.
Skin Pharmacol 3:126-135, 1990

Régnier M, Caron D, Reichert U, Schaefer H: Reconstructed human epidermis: a
model to study in vitro the barrier function of the skin. Skin Pharmacol 5:49 -
56, 1992

Cumpstone MB, Kennedy AH, Harmon CS, Potts RO: The water permeability of
primary mouse keratinocyte cultures grown at the air-liquid interface. J Invest
Dermatol 92:598 - 600, 1989

Gay R, Swiderck M, Nelson D, Ernesti A: The living skin equivalent asa model in
vitro for ranking the toxic potential of dermal irritants. Toxic In Vitro 6:303 -
315, 1992

Elias PM: Epidermal lipids, barrier function, and desquamation. J Invest Dermatol
80:44-49, 1983

Elias PM, Menon GK, Grayson S, Brown BE: Membrane structural alterations in
murine stratum corneum: relationship to the localization of polar lipids and
phospholipases. J Invest Dermatol 91:3-10, 1988

Potts RO, Francoeur ML: The influence of stratum corneum morphology on
water permeability. J Invest Dermatol 96:495-499, 1991

Friberg SE, Kayali I, Beckermann W, et al: Water permeation of reaggregated
stratum corneum with model lipids. J Invest Dermatol 94:377 -380, 1990

Hou SYE, Mitra AK, White SH, Menon GK, Ghadially R, Elias PM: Membrane
structures in normal and essential fatty acid-deficient stratum corneum: charac-
terized by ruthenium tetroxide staining and X-ray diffraction. J Invest Dermatol
96:215-223, 1991

Williams ML, Brown BE, Monger DJ, Grayson S, Elias PM: Lipid content and
metabolism of human keratinocyte cultures grown at the air-medium interface.

J Cell Physiol 136:103-110, 1988

Bell E, Parenteau N, Gay R, Nolte C, Kemp P, Bilbo P, Ekstein B, Johnson E: The
living skin equivalent: its manufacture, its organotypic properties and its re-
sponses to irritants. Toxic In Vitro 5:591-596, 1991

Ponec M: Reconstruction of human epidermis on de-epidermized dermis: expres-
sion of differentiation-specific protein markers and lipid composition. Toxic In
Vitro 5:597 - 606, 1991

‘Wertz PW, Downing PT: Glucosylceramides of pig epidermis: structure deter-
mination. J Lipid Res 24:1135-1139, 1983

Bowser PA, Nugteren DH, White RJ, Houtsmuller UM, Prottey C: Identifica-
tion, isolation and characterization of epidermal lipids containing linoleic acid.
Biochim Biophys Acta 834:419-428, 1985

Wertz PW, Downing DT: Ceramides of pig epidermis: structure determination.

J Lipid Res 24:759-765, 1983

Madison KC, Wertz PW, Strauss JS, Downing DT: Lipid composition of cul-
tured murine keratinocytes. J Invest Dermatol 87:253 259, 1986

Grayson S, Johnson-Winegar AG, Wintroub BU, Isseroff R, Epstein EH, Elias
PM: Lamellar body-enriched fractions from neonatal mice: preparative tech-
niques and partial characterization. J Invest Dermatol 85:289-294, 1985

Wertz PW, Downing DT, Freinkel RK, Traczyk TN: Sphingolipids of the
stratum corneum and lamellar granules of fetal rat epidermis. J Invest Dermatol
83:193-195, 1984

Madison KC, Swartzendruber DC, Wertz PW, Downing DT: Presence of intact
intercellular lipid lamellae in the upper layers of the stratum corneum. J Invest
Dermatol 88:714-18, 1987

Fartasch M, Bassukas ID, Diepgen TL: Structural relationship between epidermal
lipids, lamellar bodies and desmosomes in human epidermis: an ultrastructural
study. Br J Dermatol 128:1-9, 1993

Rheinwald JG: Methods for clonal growth and serial cultivation of normal human
epidermal keratinocytes and mesothelial cells. In: Baserga R (ed.). Cell Growth
and Division. A Practical Approach. IRL Press, Oxford, pp 81-94, 1989

Thacher SM, Rice RH; Keratinocyte-specific transglutaminase of cultured
human epidermal cells: relation to cross-linked envelope formation and termi-
nal differentiation. Cell 40:685-695, 1985

Roop DR, Chung S, Cheng CK, Steinert PM, Sinha R, Yuspa SH, Rosenthal DS:
Epidermal differentiation and its modulation by retinoids. In: Reichert U
Shroot B (eds). Pharmacology of Retinoids in the Skin. Pharmacology and the Skin.
Karger, Basel, pp 1-7, 1989

Wilson JB, Weinberg W, Johnson R, Yuspa S, Levine AJ: Expression of the
BNFL-1 oncogene of Epstein-Barr-virus in the skin of transgenic mice induced
hyperplasia and aberrant expression of keratin-6. Cell 61:1315-1327, 1990

Ramackers FSC, Huysmans A, Moesker A, Kant A, Jap PHK, Herman C, Vooijs
GP: Monoclonal antibody to keratin filaments, specific for glandular epithelia
and their tumors. LAB Invest 49:353 - 359, 1983

Dover R, Watt FM: Measurement of the rate of epidermal terminal differentia-
tion: expression of involucrin by S-phase keratinocytes in culture and in psori-
atic plaques. ] Invest Dermatol 87:349 -354, 1987

Fartasch M, Bassukas ID, Diepgen TL: Disturbed extruding mechanism of lamel-
lar bodies in dry non-cczematous skin of atopics. Br J Dermatol 127:221-227,
1992

Elias H, Hyde DM: A Guide to Practical Stereology. Karger, Basel, New York, 1983

Myking AO: Studies on the volumetric composition of lymph nodes: problems of
efficient sampling and the use of point counting versus digitizer tablets. In:



374

35,

36.

37.

38.

39;

40.

41.

42,

43.

44,

45.

46.

FARTASCH AND PONEC

Reith A, Mayhew TM (eds.). Stereology and Morphometry in Electron Microscopy.
Ohemisphere Publishing Corporation, New York, Washington, Philadelphia,
London, 1988

Werner Y, Lindberg M, Forslind B: Membrane-coating granules in “dry” non-
eczematous skin of patients with atopic dermatitis. Acta Derm Venerol (Stockh)
67:385-390, 1987

Landmann L: Epidermal permeability barrier: transformation of lamellar granule-
discs into intercellular sheets by a membrane-fusion process, a freeze-fracture
study. | Invest Dermatol 87:202~209, 1986

Hayward AF: Ultrastructural changes in contents of membrane-coating granules
after extrusion from epithelial cells of hamster cheek pouch. Cell Tiss Res
187:323-331, 1978

Menon GK, Feingold KR, Elias PM: Lamellar body secretory response to barrier
disruption. ] Invest Dermatol 98:279~-289, 1992

Swartzendruber DC, Wertz PW, Madison KC, Downing DT: Evidence that the
corneocyte has a chemically bound lipid envelope. | Invest Dermatol
1987:88:709-713.

Madison KC, Swatzendruber DC, Werta PW, Downing DT: Sphingolipid me-
tabolism in organotypic mouse keratinocyte cultures. J Invest Dermatol 95:657 —
664, 1990

Heenen M, De Graef Ch, Parent D, De Dobbeleer G, Galand P: Renewa] and
differentiation of keratinocytes cultured on dead de-epidermalized dermis. Cell
Prolif 25:311-319, 1992

Menon GK, Elias PM: Ultrastructural localization of calcium in psoriatic and
normal human epidermis. Arch Dermatol 127:57-63, 1991

Anton-Lamprecht I, Schnyder UW: Ultrastructure of inborn errors in keratiniza-
tion: IV. Inherited ichthyosis —a model system for heterogeneities in keratini-
zation disturbances. Arch Dermatol Forsch 250:207 -227, 1974

Menon GK, Ghadially R, Williams ML, Elias PM: Lamellar bodies as delivery
systems of lipolytic enzymes: implications for corneocyte cohesion and desqua-
mation. Br | Dermatol 126:337 - 345, 1992

Fartasch M, Diepgen TL: The barrier function in atopic dry skin. Acta Derm
Venerol (Stockh) (suppl) 176:26-31, 1992

Zamansky GB, Nguyen U, Chou I-N: An immunofluorescence study of the
calcium-induced coordinated reorganizaton of microfilaments, keratin inter-

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

THE JOURNAL OF INVESTIGATIVE DERMATOLOGY

mediate filaments, and microtubules in cultured human epidermal keratino-
cytes. | Invest Dermatol 97:985-994, 1991

Zamansky GB, Nguyen U, Chou I-N: An immunofluorescence study of the
effects of ultraviolet radiation on the organization of microfilaments, keratin
intermediate filaments, and microtubules in human keratinocytes. Cell Motil
Cytoskeleton 22:296-306, 1992

“‘Watt FM: Terminal differentiation of epidermal keratinocytes. Curr Opinion Cell
Biol 1:1107-1115, 1989

Sakai M, Araki N, Ogawa K: Lysosomal movements during heterophagy and
autophagy: with special reference to nematolysosome and wrapping lysosome.
] Electron Micsoc Tech 12:101-131, 1989

Schmitz G, Miiller G: Structure and function of lamellar bodies, lipid-protein
complexes involved in storage and secretion of cellular lipids. J Lipid Res
32:1539-1570, 1991

Menon GK, Feingold KR, Mao-Qiang M, Schaude M, Elias PM: Structural basis
for the barrier abnormality following inhibition of HMG CoA reductase in
murine epidermis. J Invest Dermatol 98:209-219, 1992

Holleran WM, Takagi Y, Menon GK, Legler G, Feingold KR, Elias PM: Process-
ing of epidermal glucosylceramides is required for optimal mammalian cutane-
ous permeability barrier function. J Clin Invest 91:1656 - 1664, 1993

Chapman SJ, Walsh A: Membrane-coating granules are acidic organelles which
possess proton pumps. ] Invest Dermatol 93:466 -470, 1989

Fowler SD, Greenspan P: Application of nile red, a fluorescent hydrophobic probe
for the detection of neutral lipid deposits in tissue sections. Comparison with oil
red O. J. Histochem Cytochem 33:833-835, 1985

Tovell PWA, Weaver AC, Hope ], Sprott WE: The action of sodium lauryl
sulphate on rat skin—an ultrastructural study. Br ] Dermatol 90:501-506, 1974

Ponec M, Bouwstra J, Fartasch M: Characterization of stratum corneum lipids of
the reconstructed epidermis. In: Walters KA, Scott RC, Rougier M (eds.). A
Prediction of Percutancous Penetration, Vol. 3. IBC Technical Services, London (in
press)

Wertz PW, Downing PT: Epidermal lipids. In: Goldsmith LA (ed.). Physiology,
Biochemistry, and Molecular Biology of the Skin. Vol. 1, Oxford University Press,
New York, pp 205-236, 1991





