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The cutaneous permeability barrier to systemic water loss is mediated by hydrophobic lipids forming membrane bilayers
within the intercellular domains of the stratum corneum (SC). The barrier emerges during day 20 of gestation in the fetal
rat and is correlated with increasing SC thickness and increasing SC lipid content, the appearance of well-formed lamellar
bodies in the epidermis, and the presence of lamellar unit structures throughout the SC. Because glucocorticoids
accelerate lung lamellar body and surfactant maturation in man and experimental animals, these studies were undertaken
to determine whether maternal glucocorticoid treatment accelerates maturation of the epidermal lamellar body secretory
system. Maternal rats were injected with betamethasone or saline (control) on days 16-18, and pups were delivered
prematurely on day 19. Whereas control pups exhibited immature barriers to transepidermal water loss (8.16 +/- 0.52
mg/cm2 per h), glucocorticoid-treated pups exhibited competent barriers (0.74 +/- 0.14 mg/cm2 per h; P < 0.001).
Glucocorticoid treatment also: (a) accelerated maturation of lamellar body and SC membrane ultrastructure; (b) increased
SC total lipid content twofold; and (c) increased cholesterol and polar ceramide content three- to sixfold. Thus,
glucocorticoids accelerate the functional, morphological, and lipid biochemical maturation of the permeability barrier in the
fetal rat.
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Abstract

The cutaneous permeability barrier to systemic water loss is
mediated by hydrophebic lipids forming membrane bilayers
within the intercellular domains of the stratum corneum (SC).
The barrier emerges during day 20 of gestation in the fetal rat
and is correlated with increasing SC thickness and increasing
SCllipid content, the appearance of well-formed lamellar bodies
in the epidermis, and the presence of lamellar unit structures
throughout the SC. Because glucocorticoids accelerate lung la-
mellar body and surfactant maturation in man and experimen-
tal animals, these studies were undertaken to determine
whether maternal glucocorticoid treatment accelerates matura-
tion of the epidermal lamellar body secretory system. Maternal
rats were injected with betamethasone or saline (control) on
days 16-18, and pups were delivered prematurely on day 19.
Whereas control pups exhibited immature barriers to transepi-
dermal water loss (8.16+0.52 mg/cm? per h), glucocorticoid-
treated pups exhibited competent barriers (0.74+0.14 mg / cm>
per h; P < 0.001). Glucocorticoid treatment also: (a) acceler-
ated maturation of lamellar body and SC membrane ultrastruc-
ture; (b) increased SC total lipid content twofold; and (¢) in-
creased cholesterol and polar ceramide content three- to
sixfold. Thus, glucocorticoids accelerate the functional, mor-
phological, and lipid biochemical maturation of the permeabil-
ity barrier in the fetal rat. (J. Clin. Invest. 1993. 91:2703-
2708.) Key words: epidermal lamellar body * stratum corneum
lipids » transepidermal water loss ¢ permeability barrier

Introduction

A competent cutaneous barrier to systemic water loss is an
essential requirement for extrauterine life. In humans (1-4), as
in other mammals (5, 6), barrier competence is established
during late gestation. Preterm infants less than 34 wk gesta-
tional age (GA)' demonstrate increased transepidermal water
loss (TEWL) and percutaneous absorption of xenobiotics in
proportion to their degree of prematurity (1-4). While the
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consequences of barrier immaturity can be devastating, and
include fluid and electrolyte imbalance, increased energy ex-
penditure to compensate for evaporative heat loss, and transcu-
taneously acquired infection (7-9), barrier ontogenesis has re-
ceived little attention.

In mature skin, it is well recognized that the permeability
barrier resides in the outermost anucleate epidermal cell layers,
the stratum corneum (SC) (10). The barrier is provided by a
complement of relatively hydrophobic lipid species, predomi-
nantly cholesterol, ceramides, and free fatty acids, arranged in
multiple lamellar bilayers between corneocytes (11). Both po-
lar lipid precursors of these lipids and hydrolytic enzymes re-
quired for their processing are delivered to the SC extracellular
domains through secretion of a tissue-specific organelle, the
epidermal lamellar body (12, 13). After secretion, their inter-
nal membranes unfurl (14) and reorganize to form a repeating
pattern of electron-lucent (hydrophobic) and electron-dense
(hydrophilic) lamellae (15), termed the basic lamellar bilayer
unit structure (16).

Recently we demonstrated that the development of a com-
petent permeability barrier in the fetal rat correlates with in-
creasing SC lipid content, particularly cholesterol and non-
polar ceramide content, and with maturation of epidermal
lamellar body substructure and SC lamellar membrane ultra-
structure (6 ). The timetable for barrier maturation in the fetal
rat is strikingly similar to that previously observed for lung
surfactant maturation (17, 18). This parallel is intriguing be-
cause, like epidermis, the lung alveolar Type II cell utilizes an
analogous secretory organelle (the lung lamellar body) for de-
livery of surfactant to the extracellular domains of the alveolus.
Because certain hormones, particularly glucocorticoids, have
been shown to accelerate lung lamellar body and surfactant
maturation in humans and experimental animals (reviewed in
19, 20), we asked whether glucocorticoids similarly accelerate
maturation of the barrier and the epidermal lamellar body se-
cretory system in the fetal rat.

Methods

Materials. Ruthenium tetroxide and nile red were obtained from Poly-
sciences, Inc. (Warrington, PA) and OCT® compound from Miles Sci-
entific Div. (Naperville, IL) Authentic lipid standards were purchased
from Sigma Chemical Co. (St. Louis, MO) and Avanti Polar Lipids,
Inc. (Pelham, AL). The “acylceramide” standard, BRS-001 (N-[w-
linoleoyloxy)- palmitoyl]- N-[ 3-(cetyl-ether)-isopropanyl ]-ethanol -
amine), was a generous gift of Dr. Genji Imokawi, Kao Corporation.
High performance silica gel TLC plates were purchased from Merck
(Darmstadt, Germany).

Transepidermal water loss (TEWL) and tissue preparation.
Timed-pregnant (plug date = day 0) primiparous Sprague-Dawley rats
(6-10 wk old) (Simonsen Laboratories, Gilroy, CA) were injected in-
tramuscularly with betamethasone (1 mg/kg; Schering Corp., Kenil-
worth, NJ) or saline on days 16, 17, and 18, and premature rat pups
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were obtained by Cesarean section on day 19. TEWL was measured
within 1 h of birth as described (6), using an electrolytic moisture
analyzer (Meeco; Polysciences) (21). Data are expressed as mg H,O/
cm? per h (22), mean=+SE. For statistical purposes, off-scale readings
(i.e., TEWL > 10 mg/cm? per h) were recorded as 10 mg/cm? per h.
Significance was determined using a two-tailed Student’s ¢ test. Pups
were then weighed, killed, and epidermal-dermal and stratum corneum
separations were obtained as described (6).

Thin-layer chromatography. Lipids were extracted from the SC
sheets, weighed (23), and fractionated by high performance TLC, fol-
lowed by charring and scanning densitometry as described (6, 24). For
quantitation of ceramides, 8 ug of each fetal sample was applied in a
0.5-cm lane. Plates were developed twice in chloroform/methanol/
acetic acid (95:4:1, vol) to the top, and ceramide fractions were quanti-
tated in reference to the closest migrating ceramide standard. Ceramide
fractions are designated 1 to 7 in order of decreasing R;.

Light and electron microscopy. Fetal rat skin for light microscopy
was embedded in OCTR compound, sectioned, and nile red (100 ug/
ml, 75% glycerol) applied (25). Sections were examined with a Nikon
Microphot-FX microscope equipped with epifluorescence (excitation
of 470-490 nm, emission 520 nm). Full-thickness fetal rat skin was
processed for electron microscopy, double-stained with uranyl acetate
and lead citrate or lead citrate alone, and examined in a Zeiss 10A
electron microscope operating at 60 kV (6).

Results

Transepidermal water loss (TEWL). To determine whether
glucocorticoids accelerate fetal barrier maturation, maternal
rats were injected with either betamethasone (3-Rx) or saline
(control) on days 16, 17, and 18 of gestation, and TEWL was
determined in their pups on day 19 (Fig. 1). As expected, 19-d
GA pups of control mothers exhibit poor barriers to water loss
(TEWL: 8.16+0.52 [> 10 to 2.12] mg/cm? per h; mean+SE
[range]); in most, no measurable barrier was present. In con-
trast, all 19-d GA pups of 8-Rx mothers exhibit measurable
barriers, and in most, the barrier was highly competent
(TEWL: 0.74+0.14 [3.89 t0 0.21]; [ P < 0.001]). Their barrier
competence approaches that observed during normal rat devel-
opment on day 21 (TEWL: 0.14+0.02 mg/cm? per h) (6).
Thus, maternal glucocorticoid treatment accelerates epidermal
barrier maturation by ~ 2 d. Moreover, this acceleration oc-
curs despite an ~ 25% decrease in fetal size of 8-Rx pups
(2.44+0.08 vs. 1.79+0.03 g; mean body weight+SE, control vs.
B-Rx P < 0.001). Somatic growth retardation is a well-recog-
nized effect of glucocorticoid treatment in the fetal rat (26).
Fluorescence microscopy. Skin samples from two control
and two B-Rx 19-d GA pups were examined by nile red histo-

Figure 1. Transepider-
mal water loss in 19-d
GA rat pups from con-
trol vs. 8-Rx mothers.
Maternal rats were in-
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chemistry. The morphology of control epidermis is shown in
Fig. 2 A. Note that the SC is poorly defined at this age. Red-or-
ange fluorescent material indicative of polar lipid (25) is evi-
dent in the outermost epidermal layers, forming a homoge-
neous or somewhat beaded (open arrows) pattern (Fig. 2 4).
Keratohyalin granules ( closed arrow) are small and infrequent.
In contrast, the epidermis of 19-d rat pups from 8-Rx mothers
exhibits a well-defined, multilayered SC (Fig. 2 B). A mature,
membrane pattern (Fig. 2 B, open arrows) of orange-yellow
nile-red fluorescence (27) is present in the outermost layers,
indicative of the deposition of neutral lipid in the membrane
domains of the SC. Keratohyalin granules (Fig. 2 B, closed
arrows) are large and numerous in upper nucleated cell layers
of B-Rx epidermis. While epidermis of control pups is compara-
ble in its light microscopic features with that previously re-
ported for 19-d GA rat skin during normal ontogenesis, the
epidermis of 8-Rx rat pups exhibits morphologic features com-
parable with normal rat skin at 21 d GA (6).

Figure 2. Representative nile red histochemistry of 19-d fetal rat epi-
dermis. (4) Control. Note deposition of lipid in a homogenous or
beaded pattern (open arrows) in outer epidermal layers. A well-de-
fined SC is not present. Keratohyalin granules (closed arrow) are
small and few in number. (B) 8-Rx. Note the presence of a well-de-
fined, multilayered SC. Lipid is deposited in a membranous pattern

in the SC (open arrow) and numerous, large keratohyalin granules
(closed arrows) are seen. Dashed lines represent the approximate re-
gion of the dermal-epidermal junction.
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Electron microscopy. Epidermis of three control and three
B-Rx 19-d GA pups was examined by transmission electron
microscopy. Although lamellar bodies are present in control
SC (Fig. 3 C), most lack the mature pattern of disclike lamella-
tions (closed arrow), thus appearing “empty” (open arrows).
Abundant lamellar-body—derived material is evident between
the cornified cells (Fig. 3 4). However, transformation to basic
lamellar unit structures is not observed (Fig. 3 B, closed
arrows). Focal empty-appearing regions (Fig. 3 B, open
arrows) are evident throughout the membrane regions of the
SC (Fig. 3 A). These ultrastructural features are comparable
with those previously described for 19-d GA rat epidermis dur-
ing normal ontogenesis (6). In contrast, SC from $-Rx pups
exhibits ultrastructural features not normally expected until
day 21 (Fig. 4). Epidermal lamellar bodies more frequently
exhibit a complete internal membranous substructure (Fig. 4
C). Moreover, a multilayered SC is evident (Fig. 4 4), in which
secreted lamellar body contents at the SC-stratum granulosum
interface (Fig. 4 B) are reorganized to form the mature pattern
of basic lamellar unit structures (Fig. 4 4, open arrows). Fur-
thermore, these lamellar unit structures extend throughout all
layers of the SC (Fig. 4 4).

Lipid biochemistry. The lipid content of SC sheets isolated
from 19-d rat pups of 8-Rx mothers is nearly twofold greater
than from control pups (33.98+2.58 (n = 7) vs. 63.54+3.84 (n
= 15) mg lipid/cm?, mean=SE control vs. 8-Rx, respectively;

P < 0.001). The overall sphingolipid content of SC (ug lipid/
cm?) is increased 2.5-fold by 8-Rx (P < 0.001) (Table I).
While the content of most individual ceramide fractions is in-
creased, the change in ceramide 4 is most impressive (Table I).
Ceramide 4, a relatively minor component of SC sphingolipids
from control animals, increases greater than sixfold in 8-Rx
pups to become the most prevalent ceramide fraction. In con-
trast, the nonpolar ceramide fractions (ceramides 1 and 2) are
only modestly increased (less than twofold). Finally, the con-
tent of SC cholesterol increases threefold in response to 8-Rx
(6.09+0.66 vs. 18.96+3.68 ug cholesterol/cm?, control vs. 8-
Rx; P < 0.02). These data demonstrate that glucocorticoid
treatment increases the overall lipid content of SC in the fetal
rat, including its cholesterol and ceramide content.

Discussion

In the fetal rat the cutaneous permeability barrier first appears
during the 20th d of fetal life (6). Hence, pups of 19 d GA have
no measurable barrier to water loss, while by 21 d GA all pups
exhibit competent barriers, with further modest increments in
barrier competence developing over the next few days, before
and following birth (6). In these studies we have demonstrated
that maternal glucocorticoid treatment accelerates maturation
of the permeability barrier in the fetal rat, with a competent
barrier present in most treated pups at 19 d GA (c.f, Fig. 1).

Figure 3. Representative electron micrograph of 19-d GA control epidermis illustrating the outermost peridermal layer (P) and subjacent SC (a).
Note the persistence of unprocessed, disclike membrane structures throughout the SC interstices. Empty-appearing foci within the intercellular
domains are also present throughout the SC (ruthenium-tetroxide, X7200). (b) Inset demonstrates a higher magnification of SC interstices. Re-
gions with lamellar structures (closed arrows) alternate with empty-appearing spaces (open arrows). Membranes are not organized into lamellar
unit structures (ruthenium-tetroxide, X 15,000). Within the stratum granulosum (c) (inset), most lamellar bodies lack lamellar contents, thus
appearing empty (open arrows). Occasionally lamellar bodies exhibit a complete lamellar substructure (closed arrow) (ruthenium-tetroxide,

Xx80,000).

Glucocortoids Accelerate Maturation of the Skin Permeability Barrier
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Figure 4. Electron micrograph of 19-d GA g-Rx epidermis illustrating the outermost peridermal layer ( P) and subjacent SC (a). Note the pres-
ence of well-formed basic bilayer unit structures (arrows) filling the interstices of the entire SC (ruthenium-tetroxide, X 75,000) (D, desmo-
some). At the stratum granulosum/SC interface (b) inset, secreted disclike contents of lamellar bodies begin to unfurl in the intercellular do-
mains (ruthenium-tetroxide, X60,000). Inset ¢ illustrates a lamellar body within the stratum granulosum showing a mature lamellar substructure

(closed arrow) (ruthenium-tetroxide, X 80,000).

The timetable for normal barrier ontogenesis and its modifica-
tion by maternal glucocorticoid treatment is remarkably simi-
lar to that observed for lung surfactant maturation in the fetal
rat (17, 18, 28). This concurrence becomes even more intrigu-

Table I. 19-Day Fetal Rat SC Sphingolipid Content and
Composition: Betamethasone-treated vs. Control

Lipid content
(ug lipid/cm?, mean + SE)

Ceramide fraction Betamethasone Control Fold increase
Cer 1 3.50+0.28* 2.16+0.41 1.6
Cer 2 3.52+0.28° 2.27+0.24 1.6
Cer 3 4.58+0.48% 1.51+0.23 3.0
Cer 4 5.26+0.45% 0.81+0.25 6.5
Cer5 1.96+0.26 0.86+0.11 23
Cer 6 1.29+0.27% 0.19+0.08 6.8
Cer 7 4.16+0.63¢ 1.211+0.20 35
Total SPL 27.51+2.728 10.87+1.48 2.5

Maternal rats were injected with betamethasone or saline (control) (2
maternal rats each group) on day 16, 17, and 18 of gestation. On day
19, 3-7 pups from each litter were killed and their SC lipids extracted
and sphingolipid (SPL) content quantified by scanning densitometry.
Ceramide fractions are designated 1 to 7 in order of decreasing Rf.
*P<0.02 *P<001. $P<0.00l.
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ing when considered in light of certain broad similarities be-
tween the epidermal barrier and lung surfactant systems (10,
19, 20, 29). Both are extracellular, lipid-enriched membrane
systems interposed between an air-tissue interface. And both
membrane systems derive from analogous lipid-enriched secre-
tory organelles, the epidermal and lung lamellar bodies, respec-
tively. These similarities suggest that the lung surfactant and
epidermal barrier lipid systems may share common regulatory
mechanisms.

Despite these broad similarities, the compositions of surfac-
tant and barrier lipids are very different. Phospholipids, particu-
larly dipalmitoylphosphatidylcholine, are the predominant
lipid in surfactant (20). In contrast, phospholipids are strik-
ingly absent in SC lipid bilayers, and barrier lipids are predomi-
nantly composed of a family of ceramides, free fatty acids, and
cholesterol, thus providing a uniquely nonpolar milieu highly
suited to retardation of water loss( 11 ). During normal develop-
ment in the fetal rat, SC lipid content increases approximately
twofold between gestational days 19 and 21 as a competent
barrier is established (6). Similarly, we observed an approxi-
mate twofold increase in SC lipid content of 19-d GA rat pups
treated with glucocorticoids. These data are consistent with
prior observations that SC lipid content is positively correlated
with barrier competence in mature mammalian skin (23, 27,
30) and suggest that increasing lipid content in fetal SC may be
an essential factor in the functional maturation of the perme-
ability barrier. In mature skin, barrier lipids derive in part, if
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not predominantly, from epidermal de novo synthesis, and epi-
dermal lipid synthesis is regulated by barrier requirements
(31). In fetal lung, glucocorticoids regulate phosphatidylcho-
line synthesis (19). It will be important, therefore, in future
studies to determine whether glucocorticoids regulate fetal epi-
dermal lipid synthesis.

The effects of glucocorticoids on the SC content of specific
lipid fractions differed somewhat from those observed during
normal ontogenesis, particularly in the relative proportion of
nonpolar vs. polar ceramide fractions. During normal develop-
ment the SC content of the most nonpolar ceramide fractions
increases approximately fivefold between gestational days 19
and 21 (6). These fractions would include the acylceramide, a
unique epidermal species in which linoleic acid (C18:2) is es-
terified to the w terminus of a very long chain (C30-C34),
n-acyl a-hydroxy fatty acid (32, 33). This species is postulated
to be of particular importance for barrier function (34). In
contrast, during glucocorticoid-induced barrier ontogenesis,
the SC content of the most nonpolar ceramide fractions is only
modestly increased (~ 1.5-fold) by 8-Rx, while the content of
a more polar fraction, ceramide 4, increases ~ 6-fold (c.f., Ta-
ble I). It will be important in future studies to determine the
structure of ceramide 4 in order to pinpoint which step(s) in
the sphingolipid metabolic pathway may be regulated by gluco-
corticoids.

In mature SC, lipids are arranged into multiple, broad la-
mellar bilayers, forming characteristic unit structures (15, 16,
35). During normal fetal rat development, secreted lamellar
body contents are evident within the intercellular domains of
day 19 SC, but they are not transformed into basic lamellar
unit structures (6 ). Subsequently, the presence of a competent
barrier on gestational day 21 correlates with a mature mem-
brane pattern of SC lipids that show characteristic fluorescence
by nile red histochemistry, and the extension of basic lamellar
unit structures throughout the layers of the SC (6). In this
study we have shown that 19-d 8-Rx rat epidermis also exhibits
a mature pattern of nile red fluorescence and well-formed la-
mellar unit structures throughout the SC (c.f., Figs. 2, 4).
Taken together these data suggest that the formation of lamel-
lar unit structures throughout the SC interstices may be a criti-
cal requirement for barrier competence. This hypothesis is fur-
ther supported by observations of structural abnormalities of
SC lamellae in mature rodent skin in which the barrier has
been abrogated either by solvent extraction of SC lipids (14),
by essential fatty acid deficiency (16), or by inhibition of epi-
dermal cholesterol synthesis (36). Furthermore, in certain in-
herited scaling diseases, abnormalities in SC lamellar unit sub-
structure (37) may underlie impaired barrier function (38).
Both barrier lipid (10, 14) and lung surfactant (20) mem-
branes undergo a series of transformations following lamellar
body secretion. In lung, surfactant apoproteins facilitate these
transformations (39-41), and the expression of two surfactant
apoproteins is regulated by glucocorticoids (19 ). Whether com-
parable extracellular proteins facilitate barrier lipid membrane
transformations is unknown, but these data suggest that the
factors that underlie the transformation of stratum corneum
lipid bilayers into lamellar unit structures are hormonally regu-
lated.

Maternal treatment with glucocorticoids in the face of im-
pending premature delivery is frequently employed to promote
fetal lung maturation (reviewed in 42). However, in view of
the recent success of surfactant replacement therapies (43, 44),

Glucocortoids Accelerate Maturation of the Skin Permeability Barrier

pulmonary indications for this treatment may decrease. If so,
other benefits of maternal glucocorticoid treatment will have to
be weighed against known and potential adverse effects (42, 45,
46). While clinically, skin maturation of the premature infant
appears to be accelerated by maternal glucocorticoid treatment
(42), glucocorticoids did not accelerate skin maturation in the
fetal rabbit (47). However, these authors employed a global
scale weighted toward hair follicle maturation; neither func-
tional maturation of the barrier nor maturation of the lamellar
body secretory system was assessed (47). The demonstration
herein that glucocorticoids accelerate barrier maturation in the
fetal rat indicates that follow-up clinical studies are urgently
needed to determine whether glucocorticoid treatment reduces
the morbidity and mortality attributable to barrier immaturity
in the premature infant.
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