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G_lycolipids in Mammalian Epidermis:

Structure and Function in the Water Barrier

Abstract. In the epidermis of terrestrial vertebrates, lipid lamellae between the
horny cells are thought to form a barrier to water loss. The lipids are extruded from
living cells after assembly in lamellar granules. This assembly might be promoted by
recently identified 1-(3'-O-acyl)-B-p-glucosyl-N-(w-hydroxyacyl)sphingosines, which
have 30- and 32-carbon hydroxy acids as amides and linoleic acid esterified to
glucose. Such a role for these molecules could explain the effects of essential fatty
acid deficiency, in which the lamellar granules fail to assemble and the barrier to

water diffusion is lost.

The thin horny layer of terrestrial ver-
tebrate skin forms an efficient barrier to
water loss (/), which is greatly impaired
by extraction with polar solvents (2). In
mammals, birds, and reptiles, the inter-
cellular spaces in the horny layer contain
multiple membranous sheets (3). These
appear to be derived from lamellar gran-
ules discharged from the uppermost liv-
ing epidermal cells after the granules
have accumulated during cell progres-
sion from the germinative basal layer
toward the horny layer (4). In animals
deprived of linoleic acid, the skin be-
comes scaly and more permeable to wa-
ter (5), the lamellar granules appear emp-
ty, and the horny layer is deficient in
intercellular membranes (6). A mecha-
nism for this effect of essential fatty acid
deficiency has not been explained.

The dead epidermal horny layer of
mammals, birds, and reptiles contains
ganglioside sulfates, ceramides, choles-
terol, cholesteryl sulfate, and free fatty
acids, but no phospholipids (7, 8). The
living epidermal cells also contain these
lipids, as well as phospholipids and sev-
eral series of glucosylceramides (8). In
mammalian epidermis, the major and
least polar glucosylceramide was report-
ed to have fatty acids esterified in the 3-
position of glucose, and the amide-linked
fatty acid was said to contain 35 carbon
atoms and have two hydroxyl groups and
two double bonds somewhere near the
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middle of the molecule (9). The esterified
acids contained a high proportion of lin-
oleic acid, ranging from 34 percent in
neonatal mice to 56 percent in human
skin and 77 percent in pig epidermis.
We have investigated the acylgluco-
sylceramides from pig epidermis and
found (/0) amide-linked w-hydroxy acids
having mainly saturated and monounsat-
urated chains of 30 and 32 carbon atoms,
respectively. Linoleic acid comprised 74
percent of the esterified acids. The di-
mensions of such molecules (Fig. 1)
would allow the hydroxy acid chains to
extend across both hydrocarbon pali-
sades of a fluid bimolecular lipid mem-
brane, with the hydroxyl group anchored
in one polar surface and the glucose
portion in the other surface. Further-
more, the fatty acids esterified to the
glucose should be capable of extending
into the hydrocarbon region of a second
membrane, holding it in close apposi-
tion. This could constitute the mecha-
nism by which multiple layers of intra-
cellular membrane are assembled for in-
clusion in lamellar granules (Fig. 2). A
deficiency of linoleic acid might result in

Fig. 1. Structure of
the major acylgluco-
sylceramide from pig :
HO

epidermis, showing
the dimensions of the
molecule.
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synthesis of insufficient or inappropriate
acylglucosylceramides, resulting in the
observed nonassembly of lamellar gran-
ules during essential fatty acid deficiency
©).

Assembly of the lamellar granules ap-
pears to take place in the endoplasmic
reticulum and Golgi regions (/1). From
the known compartmentalization of lipid
synthesis (12), it can be inferred that the
acylglucosylceramides are also produced
in these regions. Thus, while the synthe-
sis of 16-carbon fatty acids is accom-
plished by soluble enzymes in the cyto-
plasm, further extensions in chain length
are mediated by enzymes bound in the
endoplasmic reticulum. Such chain ex-
tension could continue, so that the grow-
ing chains progressed across the entire
lipid region of the endoplasmic mem-
brane until, at a length of 30 carbon
atoms, the methyl group of the fatty
chain would emerge into the endoplas-
mic space, there to be hydroxylated by a
microsomal oxidase (13). Once thus an-
chored in the membrane, incorporation
of the hydroxy acid into glucosylcera-
mide would most likely occur in situ.
Subsequent attachment of linoleic acid
to the glucose portion could provide at-
traction for adjacent folds of membrane,
resulting in the observed stacking of
disk-shaped sections of membrane in cis-
ternae (11).

Lipids with the molecular dimensions
of the acylglucosylceramides should not
be required for maintaining the extracel-
lular sheets of lipid membranes once
they are formed, since similar membrane
structures exist in myelin and in lipo-
somes prepared in vitro from myelin
lipids or isolated phospholipids (14), all
of which lack such molecules. We sug-
gest that the function of the linoleic acid—
containing structures is limited to aggre-
gation of the disks of membrane that are
stacked in the lamellar granules. These
remain coherent, even though they are
no longer enclosed in a bounding mem-
brane, for some time after extrusion
from the granular cells. Reorganization
of the disks into intercellular sheets
could depend on the observed disappear-
ance of the acylglucosylceramides. Ade-
quate polarity for the maintenance of the
intercellular lamellae would then be pro-
vided by the ganglioside sulfates, which
together with ceramides, cholesterol,
cholesteryl sulfate, and free fatty acids,
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constitute the horny layer lipids (7, §).

Lamellar granules are present in the
epidermal cells of mammals, birds, and
reptiles, but not of amphibians or fish
(15). Measurements of the lamellar disks
showed a uniform spacing of 9.7 nm in all
of the terrestrial vertebrates (15). This
spacing was said to indicate that the
disks consist of not one, but two, bimo-
lecular leaflets, as would be produced by
flattening of a liposome. However, since
the angle at which the disks were sec-
tioned would have been random, the
average angle would have been close to
45°, and the apparent spacing of 9.7 nm
would indicate a true thickness of about
7 nm. From this must also be subtracted
an unknown factor to account for swell-
ing due to insertion of the heavy atoms
used for visualization of the structures,
leaving a spacing that would be more in
accordance with a single leaflet. If, nev-
ertheless, the flattened liposome model
proves to be accurate, the acylglucosyl-

ceramide molecules might provide the
impetus for apposition of the internal
polar surfaces of a precursor liposome.
The fatty chains in the horny layer
lipids are predominantly saturated, with
some monounsaturation. This should re-
sult in the formation of membranes in
which the hydrocarbon regions are in the
close-packed crystalline state rather than
the fluid, liquid-crystalline state charac-
teristic of biological membranes (/6). In
an electron diffraction study of isolated
horny layer (I7), the periodicities of
0.415, 4.25, 4.96, and 13.40 nm that were
observed were abolished by solvent ex-
traction. The first three would corre-
spond, respectively, to the spacing be-
tween close-packed hydrocarbon chains,
the thickness of the lipid regions, and the
overall repeat distance between the polar
regions of tightly packed membranes.
The reported reflection patterns would
be explained by multiple lipid mem-
branes lying parallel to the surface be-

Fig. 2. A diagrammatic repre-
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sentation of events in the for-
mation of the epidermal water
barrier as seen in electron mi-
crographs of thin sections
stained with osmium (3, 4).
The process includes assem-
bly of a lamellar body (/b) from
the Golgi region (gr) in an epi-
dermal granular cell bounded
by the granular cell membrane
(gem), subsequent expulsion
of the granule into the intercel-
lular space, and its rearrange-
ment into the intercellular la-
mellae (ic/) that lie parallel
with the horny cell envelope
(hce) and the keratin filaments
(kf) of the horny cell. The ex-
panded insert shows the pro-
posed arrangement of the
acylglucosylceramide  mole-
cules (bold) within multiple bi-
molecular lipid leaflets formed
from lipids known to be pre-
sent in the epidermal granular
cells. For clarity, hydrogen at-

oms are omitted from the lipid
structures. In essential fatty
acid deficiency, the lamellar
granules appear empty and the
intercellular  lamellae  are
largely absent (6), indicating
that deficiency of a linoleic
acid—containing molecule pre-
vents assembly of the lamellar
disks into granules.

tween the horny cells, an arrangement
that should serve effectively as a barrier
to water permeation.
PHIiLIP W. WERTZ

DonaLp T. DOWNING
Marshall Dermatology Research
Laboratories, Department of
Dermatology, University of lowa
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