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The Barrier Function in Atopic Dry Skin

Disturbance of membrane-coating granule exocytosis and formation of epidermal lipids?

MANIGE FARTASCH and THOMAS L. DIEPGEN
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Non-eczematous atopic dry skin (DS) shows an enhanced trans-
epidermal water loss denoting an impaired water permeability
barrier (WPB) function. The WPB is formed by intercellular
lipid lamellae located between the horny cells of stratum cor-
neum (SC). The lipids are provided via the exocytosis of mem-
brane-coating granules (MCG). By differentiating two dynamic
states of MCG, the ultrastructural morphometric comparison
of atopic DS and healthy skin of controls revealed a retarded
and incomplete extruding mechanism of these organelles. Addi-
tionally the structure and spacial organization of the epidermal
lipids in DS and healthy skin were visualized and analysed by
applying a special primary fixation (acrolein vapour) and post-
fixation with ruthenium tetroxide. The present findings suggest
that some pathologic extruding mechanism of MCG in DS may
be responsible, at least partly, for the recently detected bio-
chemical alterations of epidemnal lipids and for the deficient
WPB. Key words: Atopic dry skin; Transepidermal water loss;
Ultrastructure; Membrane-coating granules; Epidermal lipids.
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INTRODUCTION

Generalized non-eczematous dry skin (DS, xerosis), i.e. rough
skin, is a characteristic feature of atopic eczema (AE) (1, 2)
that seems to be principally independent of eczematous erup-
tions (1). DS may persist throughout life, without any addi-
tional symptoms of recurrent AE and is accompanied by
changes in the biophysical properties of the stratum corneum
(SC). especially of the epidermal water permeability barrier
(WPB) revealed by an enhanced transepidermal water loss
(TEWL) of the non-lesional dry skin (3-7).

At the ultrastructural level, the WPB consists of intercellu-
lar lipid lamellae located between the horny cells of the SC.
These lipids contain approximately equal quantities of cera-
mides, cholesterol, and free fatty acids, as well as lesser
amounts of non-polar lipids and cholesterol sulfate (8-10).
Because of their intercellular localization and their distinctive
composition, SC lipids are presumably important not only for
the formation of a barrier to transcutaneous water transfer but
probably also control desquamation and cohesiveness of cor-
neocytes (11, 12) and the water-retaining function of SC (13).

Abbreviations: WPB, water permeability barrier; DS, dry skin; AE,
atopic eczema; ICS, intercellular space; SC, stratum corneum;
TEWL, transepidermal water loss; MCG, membrane-coating gran-
ules; RuQ,, ruthenium tetroxide; OsO,, osmium tetroxide.
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Current studies suggest that these lipids originate largely from
polar lipid precursors (phospholipids and glycosphingolipids).
presumably derived from membrane-coating granules (MCG.
lamellar bodies, Odland bodies, keratinosomes) (12). These
organelles fuse with the cell membrane in the upper stratum
granulosum and extrude their lipid discs within the intercellu-
lar spaces of SC which are than transformed to the intercellu-
lar barrier lipids.

Recent studies on non-lesional atopic skin suggest that
MCG in DS show a greater relative volume at the level of the
granular-cornified layer interface, a finding which has been
interpreted as denoting a disturbed maturation of MCG (14).
Additionally, DS shows biochemical abnormalities in epider-
mal lipid metabolism (15), and a reduced ceramide content
(16-18). Routine transmission electronmicroscopic tech-
niques, though clearly showing the structure of the MCG,
have not been effective in demonstrating the intercellular la-
mellae of SC and there is no knowledge of the spatial orga-
nization of the multilamellar lipids in DS which shows the
above-mentioned biochemical alterations.

In the present study the structure of the lipid lamellae in DS
was analysed via a modified.ruthenium tetroxide (RuQ,) fixa-
tion and the role of MCG - particularly concerning the dynam-
ics of the lipid extrusion via the MCG exocytosis — was studied.

MATERIAL AND METODS

Subjects

Non-lesional skin from 9 adult patients with either past or present
history of AE and 7 non-atopic control subjects. Both groups had a
similar age distribution (22-32 years). The diagnosis of AE was estab-
lished according to the criteria of Hanifin & Rajka (19) and Diepgen
et al. (2). Further requirements for inclusion in the study were a
history of persistent dry skin in non-lesional regions, especially in
eczematous-free periods, and the absence of eczematous lesions on
the lateral aspect of the buttock (site of biopsy). Five patients were
free from eczematous eruptions at the time of biopsy. The affected
body surface in the other 4 patients ranged between 10 and 22%
(chronic flexural eczema).

Skin vapour loss measurements

The measurements of TEWL were performed at the biopsy sites
before punch biopsy. For TEWL measurements the Evaporimeter
EP1 (Servomed, Stockholm, Sweden) was used under standardized
conditions (20) at a constant room temperature of 21°C and a relative
humidity of 47 + 5%.

Morphologic preparations and morphometric analysis

Buttock skin punch biopsy specimens were processed for routine
electron microscopy: 2.5% glutaraldehyde (primary fixative), post-
fixation with 1% osmium tetroxide, embedding in Epon 812. To vi-
sualize the structure of the epidermal lipids additionally. some tissue
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Fig. 1. “Extracytoplasmic” MCG which have already fused with the cell membrane of stratum granulosum cell. Inser: “intracytoplasmic”™ MCG,

Glutaraldehyde OsO,, x200.,000.

samples from the atopics and the control group were also fixed with
acrolein vapour and then postfixed with a modified ruthenium tetrox-
ide (0.5%) / potassium hexacyanoferrate (0.25%) staining protocol
published elsewhere (21). Electron microscopy was performed with a
Jeol 100 CX.

The relative volumes of MCG in the two uppermost subcorneal cell
layers of the epidermis (stratum granulosum) were measured by apply-
ing standard ultrastructural stereological methods (22, 23). Two tissue
blocks from each person were sectioned perpendicular to skin surface.
In randomly selected areas of suprapapillar regions of interfollicular
epidermis, thin sections were investigated. At least five cells of the two
uppermost cell layers of the stratum granulosum were photographed
consecutively in slightly overlapping fields at a primary magnification
of x6600. The negatives were printed to give a final magnification of
x66000. Altogether 140 micrographs were taken in each layer and 280
micrographs per patient or control. By fitting the slightly overlapping
electron micrographs together. a complete picture of the two granulo-
sum layers (at least 5 cells in each layer) was obtained. MCG were
identified by their typical lamellar internal structure and their cell
membrane-like coating membrane. Those MCG which were already
fused with the cell membrane directly or indirectly via fusion with
fused MCG, i.e. by building so-called "MCG conglomerates’, were
defined as ‘extracytoplasmic’ MCG. Those that were still found in the
cytoplasm of the cell were defined as “intracytoplasmic’ MCG (Fig. 1).

The planometric analyses were performed by using commercial
computer software (Videoplan, Kontron, Bildanalyse GmbH, Mun-
ich. Germany).

Statistical analyses

All data are presented as median values. Comparisons between pa-
tients and controls were made by the Wilcoxon-Mann-Whitney test.
All reported p-values are two-tailed.

RESULTS
Skin dryness and TEWL

The atopic group showed a significantly higher mean baseline
TEWL value (8.6 g X m™? x h™') than the control group (5.4 ¢
x m™ x h™) (p < 0.01).

Ultrastructure

In contrast to normal skin where MCG discs disappeared
regularly, one to three cell layers above the SG. in the atopic
skin MCG discs were focally clearly recognized in higher lay-
ers (up to five above SG) within the SC interstices. This was
not a persistent but a focal finding. Additionally, undelivered
MCG discs in the cytoplasm of some transit cells as well as
MCG discs in the horny cell matrix were found, as shown by
the modified RuO, staining. The intercellular multilamellar
lipid sheets with alternating electron-dense and electron-lu-
cent lamellae were visualized at all levels of SC. The different
lamellae seemed to have similar thickness. In the lower parts
of SC already secreted, MCG-discs and transformed epider-
mal lipids were visualized simultaneously (Fig. 2A, B). The
majority of the extruded discs are arranged in parallel to the
plasma membranes of adjacent keratinocytes and were in con-
tact with the lower regions of the desmosomes (Fig. 2A).
Especially in the second and third intercellular space (ICS) the
MCG sheets formed spindle-like conglomerates. Here the
MCG sheets showed an unfurling of their lamellar contents
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Fig. 2A. Secreted MCG sheets and already formed epidermal lipids are depicted simultaneously. The first ICS of SC is not completely filled with
lipid lamellae. The lipid sheets first form triplets with three electron-dense lamellae separated by two electron-lucent lamellae (—>) and are linked
to the upper region of the desmosomes () while the MCG sheets are in contact with the lower part. Acrolein vapour/RuO,. x 180.000. Fig. 2B.

Post-secretory, extracellular processing of MCG-derived sheets into the narrow lipid lamellae structures of the SC interstices, Unfurling of MCG
sheets. Acrolein vapour/RuO,, x 230,000.

(Fig. 2B). In the first ICS (interface of stratum granulosum
and SC) the epidermal lipids apparently formed triplets with
three electron-dense lamellae separated by two electron-lu-
cent lamellae (Fig. 2A). The 1CSs of SC were not uniformly
filled with lipid layers and the number of the lipid layers varied
from place to place and even within one intercellular space. In
the lower parts of SC there was a tendency to form 6 to 9
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electron-dense lipid lavers. In the outer parts, 12 to more than
30 layers were present in one space (Fig.3A, B, C). In the
upper stratum compactum (4-5 SC layers) the desmosomes
seemed to degrade into less opaque bodies and there was no
longer insertion of the lipid layers but the lamellac bulge
around these structures (Fig. 3A). Further degradation of the
electron-dense portion of desmosomes generated a powdery.
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Fig. 3A. In the middle to upper parts of SC most of the desmosomal structures (D) are no longer inserted by the lipid lamellae, but the lamellae
bulge around. Acrolein vapour/Ru0O,, x185.000. Fig. 3B. Numerous electron-dense and electron-lucent lipid layers in the upper SC. Acrolein
vapour/RuQ,, x153,000. Fig. 3C. More than 30 layers with alternating electron-dense and electron-lucent lamellae. The corneocyles are
surrounded by an electron-lucent lamella complexed to the cornified envelope followed by an electron-dense lamella and a fenestrate-appearing
electron-lucent lamella. Then two electron-lucent lamella are divided by an electron-dense lamella. After this triplet, another electron-dense
lamella completes the basic unit which is repeated several times. Acrolein vapour/RuQ,, x 170,000,

Table I. Morphometric analysis: comparison of relative volumes of the two upper stratum granulosum layers in atopics and controls

Stratum granulosum  Subjects Y% volume® extracy- % volume® intracy- % volume® of total Percentage” of ex-
toplasm. MCGs toplasm. MCGs MCGs tracytoplasm. MCGs

Ist cell layer Atopics 1,344 0.41° 1.75m% 73.7*=

(n=9) (0.91-2.14) (0.13-0.70) (1.07-2.52) (66.0-88.1)

Controls 1.94 0.17 2.11 91.6

(n=T) (0.98-3.56) (0.04-0.53) (1.04-3.61) (84.3-98.7)
2nd cell layer Atopics 0.08* 0.54n= 0. 78%* 12.9*

(n=9) (0.00-0.66) (0.52-1.58) (0.54-1.58) (0.0-57.6)

Controls 0.32 0.57 1.13 41.9

(n=T) (0.14-1.90) (0.29-1.36) (0.69-2.87) (9.3-74.3)

W

h

MCG volume as a percentage of total volume of cell layer: median (range).
Extracytoplasmatic MCG volume as a percentage of total MCG volume.
U-Test of Mann and Whitney: *p < 0.05; **p < 0.01; n.s.: not significant.
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electron-dense debris seen especially between the lipid lamel-
lae of the upper 1CSs. On comparing the structure and spatial
organization of the lipid lamellae in atopics and controls, no
differences were found between those two groups. In contrast
to the findings in healthy skin the MCG sheets persisted fo-
cally in higher levels of the SC (5-7 ICSs instead of 2-3 ICSs in
healthy skin).

Morphometric analyses

The biopsies of atopic skin and of the controls showed no signs
of eczema, i.e. parakeratosis, spongiosis, acanthosis or in-
flammatory dermal cellular infiltrate. The thickness of the SG
as determined on methylene blue stained semithin sections
was 2-3 cell layers in all 16 subjects. On comparing the relative
total volume of MCG in controls and atopics, there were no
statistically significant differences in the relative volume of
MCG in the first uppermost and second uppermost stratum
granulosum cell layers (Table I).

Statistically significant differences were seen in the extrud-
ing mechanism of MCG. Whereas in the ‘beneath the up-
permost’ cell layer of SG of the healthy skin, already 42% of
the MCG had fused with the apical part of the cell membrane,
in the atopic skin only 13% were found adjoining the cell
membrane (p < 0.03). The difference was even more obvious
in the uppermost layer of str. granulosum: In healthy skin,
already 92% of MCG had fused with cell membrane as op-
posed to 74% in the atopic skin (p < 0.01). Thus significantly
more non-extruded MCG remained undelivered within the
uppermost SG cells in the atopic skin.

DISCUSSION

Changes in biophysical properties of the SC, especially of the
water-permeability barrier and water-retaining function, seem
to be a characteristic feature in the dry non-eczematous skin of
patients with atopic eczema (1-7, 17, 24). DS is also seen in
chronic irritant dermatitis and in normal subjects without AE
(7. 25). It is not known whether the functional aspects of
barrier function are similar in these conditions. In the present
study, the subjects with AE (5 of them only with a past history
of AE) had a higher mean base TEWL than the control
subjects. This is in agreement with other studies (3, 6, 7, 17).

There are conflicting data as to the cause of DS in non-
eczematous skin of atopics. In earlier studies, some coinci-
dence of AE with the autosomal dominant ichthyosis were
discussed (26, 27) as the cause of DS in 30-40% of AE.
However, we could show previously that only a few atopics,
simultaneously have autosomal dominant ichthyosis (4-6%)
and that the dry skin condition in AE is structurally dis-
tinguishable from DS in autosomal dominant ichthyosis (28).
Moreover we could not confirm an earlier suggestion. that the
persistent dry skin of atopics results from subclinical eczema in
the majority of the cases. We did find, however, some evi-
dence of disturbed maturation of WPB in atopic non-eczema-
tous dry skin. Whereas most recent studies on the non-ec-
zematous dry skin of atopics have focused on morphological
ultrastructural quantification (14), light microscopic descrip-
tion of the epidermis (27) or quantitative biochemical analysis
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of the lipid contents of the DS (16-18) in the present study. we
focused on the dynamics of MCG extrusion and the spatial
organization of the transformed epidermal lipids at the differ-
ent layers of the SC. Analysis of epidermal lipids was possible
thanks to the primary fixation chosen. using acrolein vapour
which gives better cohesion of SC cells. By post-fixation with
modified RuO,, visualization of epidermal lipids was achieved.
Basic unit structure of the lipids and distribution were in
accordance with recently published findings in murine SC (29).

By differentiating between MCG already fused with the cell
membrane and still MCG intracytoplasmically located, we
could visualize both a delayed and an incomplete extrusion of
MCG. probably resulting in diminished and delayed delivery
of their ‘pro-barrier’ polar lipids in the intercellular space.
Such undelivered keratinized MCG (26% of the total MCG-
volume in atopics versus 8% in controls) were found in the
horny matrix of DS, while the structure of the epidermal lipids
showed no difference compared with the healthy skin of the
control group. In contrast to earlier studies (14) which consid-
ered the relative volumes of MCG in a narrow area at the
granular-corneocyte layer interface we could not find any dif-
ferences in the relative volumes of MCG between atopics and
controls when analysing two adjacent cell layers. Apart from
the probable reduction of the polar lipids supplied, the de-
layed MCG exocytosis may additionally impair the formation
of the WPB by turther disturbing presumably MCG-depend-
ent processes such as lipid transformation (12) and acidifica-
tion of the intercellular spaces of the granular-cornified layer
interface to the pH optimum of the simultaneously extruded
acid hydrolases. Thus the activity of these enzymes might be
influenced too (30). Additionally the persistence of MCG-
derived discs at higher levels within atopic SC is further evi-
dence of the fact that MCG contents are not processed nor-
mally in DS. Such alteration in the orderly conversion of
MCG-derived discs to lipid lamellae in SC also could explain
the abnormal barrier function and/or the pathologic desqua-
mation of atopic DS. The persistence of MCG contents in the
ICSs has recently been described in psoriatic SC too (31).

In conclusion, the modified extruding mechanism of MCG
may by responsible, at least partly, for the deficient WPB and
the resulting susceptibility of the atopic skin to irritants and
infections. It is still not known whether the described MCG
alterations are also found in other pathological conditions
leading to dry skin. The healthy skin and SC has the ability to
regulate disturbed barrier function by increasing lipid syn-
thesis (positive feedback regular mechanism of the TEWL)
(32, 33). The unsuccessful attempts of the atopic epidermis to
recover and compensate for the disturbed barrier function —
especially after additional alteration — may elicit immunolog-
ical and inflammatory mediators in the epidermis, ultimately
leading to clinically visible atopic eczema lesions.
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