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Loss of functional ELOVL4 depletes very
long-chain fatty acids (>C28) and the unique
w-0-acylceramides in skin leading to
neonatal death
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Mutations in elongation of very long-chain fatty acid-4 (ELOVL4) are associated with autosomal dominant
Stargardt-like macular degeneration (STGD3), with a five base-pair (5 bp) deletion mutation resulting in the
loss of 51 carboxy-terminal amino acids and truncation of the protein. In addition to the retina, Elovi4 is
expressed in a limited number of mammalian tissues, including skin, with unknown function(s). We gener-
ated a knock-in mouse model with the 5-bp deletion in the Elov/4 gene. As anticipated, mice carrying this
mutation in the heterozygous state (Elovi4*7@¢"y exhibit progressive photoreceptor degeneration.
Unexpectedly, homozygous mice (Elovi49¢/?¢!) display scaly, wrinkled skin, have severely compromised
epidermal permeability barrier function, and die within a few hours after birth. Histopathological evaluation
of the Elovi49¢"?¢! pups revealed no apparent abnormality(ies) in vital internal organs. However, skin his-
tology showed an abnormally-compacted outer epidermis [stratum corneum (SC)], while electron microscopy
revealed deficient epidermal lamellar body contents, and lack of normal SC lamellar membranes that are
essential for permeability barrier function. Lipid analyses of epidermis from Elov/49¢”?¢! mice revealed a
global decrease in very long-chain fatty acids (VLFASs) (i.e., carbon chain >C28) in both the ceramide/
glucosylceramide and the free fatty-acid fractions. Strikingly, Elov/49¢”/?¢! gkin was devoid of the
epidermal-unique w-0-acylceramides, that are key hydrophobic components of the extracellular lamellar
membranes in mammalian SC. These findings demonstrate that ELOVL4 is required for generating VLFA
critical for epidermal barrier function, and that the lack of epidermal w-O-acylceramides is incompatible
with survival in a desiccating environment.
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INTRODUCTION

Mutations in the elongation of very long-chain fatty acid-4
(ELOVL4) gene are implicated in autosomal dominant
Stargardt-like macular degeneration (STGD3) (1,2). The struc-
ture of ELOVL4 protein is homologous to mammalian and
yeast ELO family of proteins that are involved in the
‘carbon’ chain elongation of long-chain fatty acids (2). In
addition to retina, Elovi4 expression has been detected in
brain, whole skin and testis in mouse (3), suggesting role(s)
for ELOVL4 in these tissues. On the basis of structural
homology of ELOVL4 with the ELO family of proteins and
the importance of docosahexaenoic acid (C22:6 n-3) for the
function of photoreceptors in the eye, it has been proposed
that the ELOVL4 protein may play a key role in fatty acid
(FA) metabolism (2). However, direct evidence for ELOVL4
involvement in FA metabolism has not yet been established.

Three mutations associated with macular degeneration have
been reported in the ELOVL4 gene to date. All three mutations
are located in the last exon (exon 6), resulting in the truncation
of the protein and loss of the C-terminal ER retention signal
(2,4,5). In a heterologous system, a 5-bp deletion mutant
ELOVL4 demonstrated a dominant-negative effect by inter-
acting and recruiting wild-type (Wt) protein into aggresomes
(6). To assess the consequences of the 5-bp deletion mutation
in vivo, we developed a knock-in mouse model carrying the
Elovi4 5-bp deletion. Mice carrying the mutation in the hetero-
zygous state (Elovi4™#") were viable and developed progress-
ive photoreceptor degeneration (7), whereas homozygous
neonates (ElovI47"#!y died within a few hours after birth.

During epidermal differentiation, keratinocytes proliferate
in the inner-most cell layer (basal), and then migrate toward
the outer surface of the skin (8). The outermost layers of the
epidermis are responsible for critical protective functions,
including, most-importantly, permeability barrier homeostasis;
i.e., prevention of excess transcutaneous water loss, a function
required for survival of mammals in a desiccating, terrestrial
environment. The epidermal permeability barrier to water
loss resides in the extracellular domains of the stratum
corneum (SC), where a hydrophobic lipid mixture is organized
into distinctive multi-lamellar membranous structures,
comprised primarily of free fatty acids (FFAs), cholesterol
and ceramides (9). Precursors for these barrier lipids are
stored in the epidermal lamellar bodies (LB), generated
within the outer nucleated layers of the epidermis (10). The
quantity of LB in the cytosol increases during epidermal
differentiation, followed by their fusion with the apical
plasma membrane of the outer-most nucleated cell layer of
the epidermis. Secretion of LB contents into the inter (extra)-
cellular spaces between the stratum granulosum (SG) and SC
is followed by enzymatic processing of lipid precursors, even-
tually forming the extracellular lamellar bilayers that mediate
permeability barrier function(s) (11).

Three families of lipids, cholesterol, FFA and ceramides
present in an approximate 1:1:1 molar ratio, form the
extracellular lamellar membranes that mediate epidermal
permeability barrier homeostasis (12). A lipid monolayer
composed primarily of w-hydroxyceramides, but also includ-
ing omega-hydroxy and non-hydroxy FAs and other minor
ceramide species (13,14) covalently linked to peptides on

the outer portion of highly-crosslinked cornified envelope
(CE) proteins, links this hydrophobic extracellular matrix to
the corneocytes, forming a two-compartment structure in the
SC, which has been analogized to a ‘brick and mortar’
model (15-18). Inhibited or acquired abnormalities, leading
to structural defects in either the lipid-enriched ‘mortar’ or
the proteinaceous ‘bricks’ occur in several cutaneous syn-
dromes, resulting in abnormal barrier function with attendant
hyperkeratosis (‘ichthyoses’) (19), highlighting the importance
of both of these compartments for epidermal function.

Here, we report that loss of functional ELOVL4 results in
abnormal epidermal permeability barrier structure and func-
tion, and given that no abnormalities were noted in other
major organ tissues, including brain, liver, kidney and lung,
the loss of skin barrier function appears to be the primary
cause of the early neonatal demise of these animals. Thus,
ELOVL4 normally has a critical, previously-unreported role
in epidermal permeability barrier function and mammalian
survival in the post-natal, desiccating, terrestrial environment.
We demonstrate further that ELOVL4 is essential for the
synthesis of epidermal very long-chain FA (VLFA), and is
required for generating w-O-acylceramides, a key ceramide
molecular species that is essential for permeability barrier
function. Loss of ELOVL4-generated VLFA and w-O-
acylceramides are likely to be the underlying cause of the
early demise in mice with the homozygous 5 bp-deletion
mutant.

RESULTS
Tissue-specific distribution of different Elovls

Distribution of the expression for different Elovl genes
(Elovll—Elovl6) in control C57BL/6 animals was analyzed
by qRT-PCR (Fig. 1). Elovil mRNA expression was
evident in mouse liver, skin, retina and brain, with highest
expression in liver. In contrast, a high level of Elovi2
expression was also detected in liver, but very low expression
was observed in retina, with no detectable expression in either
skin or brain. High levels of Elovi3 were evident in liver, with
low expression detected in skin; no ElovI3 expression was
detected in either retina or brain. Consistent with earlier obser-
vations (3), Elovl4 was detected in murine skin, retina and
brain, with no expression detected in liver. Expression of
Elovl5 and Elovl6 was highest in liver, whereas brain and
retina showed low levels of expression. Expression of Elovls
and Elovl6 was not detected in skin, while all other Elovi
genes, with the exception of Elovi4, being expressed in liver
(Fig. 1). This differential expression of Elov/ genes likely
reflects tissue-specific requirement for different FA in
normal murine tissues.

Expression of Elovi4 5-bp deletion mutation in skin
of knock-in mice

Semi-quantitative RT—PCR analysis of ¢cDNA from whole
skin (including both dermis and epidermis) of newborn
Elovl4 5-bp deletion mutant knock-in mice using primers
designed to specifically amplify either the Wt or mutant
Elovi4 alleles confirmed the expression of both Wt and
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Figure 1. Tissue-specific distribution of EloviI-Elovi6. Expression of Elovi]—
Elovl6 in mouse liver, skin, retina and brain was determined by qRT—PCR.
Data are presented on an arbitary scale after normalization with the
housekeeping-gene glyceraldehyde 3-phosphate dehydrogenase (Gapdh).
The values are the means [ + standard deviation (SD)] for at least three inde-
pendent observations.

mutant FElovl4 transcripts in the skin of heterozygous
(Elovl4™"y mice, whereas only the mutant transcript was
detected in the skin of homozygous knock-in Elovi4%/d!
animals (Fig. 2A). The expression level of the mutant tran-
script in ElovI47"#! skin was approximately double that in
Elovi4™ littermates. As expected, Wt littermates expressed
only the Wt allele.

Immunoblot analysis of ELOVL4 protein in the skin of
Elovi4™"#! animals, detected only the mutant protein
(33 kDa) (Fig. 2B), whereas the skin of Elovl4**animals
contained both the Wt (37kDa) and mutant proteins
(Fig. 2B); again Wt control mice expressed only Wt protein.
These results are consistent with the observations presented
earlier, and confirm that a truncated ELOVL4 protein is
produced in the skin of mice carrying the mutant allele(s).

Early postnatal lethality, abnormal skin phenotype and
defective barrier function in Elovi4’"** mice

The offspring of Elovi4™#! matings were closely monitored
from birth. Although Elovi4“*/“*! mice were indistinguishable
from littermate Wt controls immediately after birth, careful
monitoring and subseguent genotyping revealed high postnatal
lethality of Elovi4“"“*animals. No significant differences in
birth weight were evident for animals with each of the three
genotypes. However, the ElovI49/! animals were not fed
by their mothers, and died within 4 h after birth. By 3 h
after birth, the Elovi4“"#*! animals appeared smaller in size
and developed an abnormal gross appearance (Fig. 3A); i.c.,
their skin appeared more fragile, darker in color, scaly and
drier (Fig. 3A), when compared with either heterozygous or
Wt littermates.

The dl?/, scaly skin and progressive loss of body weight in
Elovi49?"®! mice suggested a possible defect in fluid retention
due to altered skin barrier function. To evaluate evaporative
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Figure 2. Expression ?roﬁle of Elovil4 transcripts (A) and protein (B) in
Elovi4®/#! " Elovi4*" and Wt mice. The expression profile of Wt and
mutant transcr}gts (A) and })roteins (B) in skin was evaluated and compared
with Elovi4®/®! Elovi4™@! and Wt animals. Elovi4""*'mice expressed
only mutant transcript (A), whereas Elovi4*“! animals expressed both the
Wt and mutant transcript to near identical levels (A). As expected, Wt mice
did not express the mutant allele in their skin. Data are presented as the fold-
change relative to the expression of the housekeeping-gene, hypoxanthine
guanine phosphoribosyl transferase (Hgprt). The expression values represent
the mean (+ SD) for at least three independent observations. (B) Immunoblot
analysis of skin homogenates showed the expression of mutant protein alone in
Elovi4%"! (33 kDa), both Wt (37 kDa) and mutant (33 kDa) proteins in
Elovi4“! mice, and only Wt protein in Wt animals (B). Immunoblot analysis
was performed using anti-ELOVL4 antibodies.
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Figure 3. Phenotype of Elovl in newborn mice. Elovl mice
show epidermal abnormalities, and defective epidermal permeability barrier
(A and B). Comparison of Elovi4%/#*! and Wt-littermate pups at postnatal day
0 revealed abnormal appearance of skin in Elovi4%/® pups. Elovi4®/#! pups
show a scaly, red and shiny skin (A). Penetration assay with haematoxylin
revealed a defective epidermal permeability barrier function in Elovi4%/d!
skin (B). Animals from three different litters were used to perform the
dye-exclusion assay, with representative results shown.

fluid loss in Elovi4“/“! mice, we next compared the total
body weights of animals 3 h after birth. The body weights of
Elovi4™"#!" mice were significantly lower than either
Elovi4™#! or Wt animals (P < 0.001) (data not shown).
The scaly, red skin and the decrease in body weight of the
Elovi4™"#! mice are consistent with compromised epidermal
barrier function in these animals.
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A standard, dye exclusion assay for permeability barrier
function using haematoxylin whole mount staining (20)
revealed dark staining of homozygous (Elovi47"#") neonates,
indicating extensive dye penetration and defective skin barrier
function (Fig. 3B). In contrast, dye penetration was not
evident in Wt newborn animals (Fig. 3B), consistent with
the expected normal barrier function shortly after birth.
These results demonstrate defective epidermal permeability
barrier function exclusively in homozygous Elovi4%/#!
mouse skin.

Histopathological and ultrastructural evaluation
of epidermis in Elov4“"*“! mice

To further assess the basis for the early postnatal lethality in
Elovi49"#! mice, we examined the histology of skin and
other key organs. Histopathological evaluation of vital
organs including lungs, heart, brain and kidney revealed no
significant abnormality(ies) in Elovi49“"*" animals (data not
shown), with the exception of epidermis. Detailed histopatho-
logical analysis of skin samples from Elovi4%"#! animals
from different body sites, including eyelids, hindlimb, foot
pads and the dorsal side of the body trunk from at least
three different Elovi4“"#*!animals showed relatively normal-
appearing morphology of the nucleated (Viable) epidermal
cell layers compared with littermate Elovi4™%! and Wt
control animal epidermis. However, the SC, the outermost
layers of the epidermis, appeared disorganized and more
compact in Elovi49"*" mice than in Elovi4™#' and Wt
littermates (Fig. 4A).

To gain further insights into the structural basis of the
barrier abnormality in Elovi49¢"#! mice, we next assessed
epidermal ultrastructure both by standard electron microscopy
and with a lipid-retaining fixative, ruthenium tetroxide (21).
While the density (i.e., number) of LB in the cytosol of gran-
ular (SG) cells did not differ in Elovi4“"*! when compared
with Elovi4™%! or Wt animals (data not shown), there were
marked abnormalities in the contents of these organelles
(Fig. 4B). Specifically, vesicles containing electron-dense,
amorphous material were co-assembled with normal-
appearing lamellar material within nascent LB in the trans-
Golgi (Fig. 4Biii). These vesicles often appeared to fuse
with similar microvesicles within the same organelles, or
immediately after secretion at the SG-SC interface
(Fig. 4Biv), forming large, non-lamellar spheres within the
extracellular spaces (Fig. 4Biv, asterisks). In contrast, the
secreted contents of LB in Wt epidermis formed a uniform
lamellar phase; with the normal reorganization into broad
lamellar membranes within the SG—SC interface evident
(Fig. 4Bi, arrows). While secreted lamellar material formed
lamellar membranes that filled the extracellular spaces in Wt
SC, the lamellar material in ElovI49/#*! epidermis failed to
transform into a uniform lamellar membrane phase within
the SC interstices (Fig. 4Bii). These results demonstrate that
the defective permeability barrier in ElovI49/“*! can be attrib-
uted to abnormalities in LB contents and the subsequent
failure of these abnormal contents to organize into the
replete extracellular lamellar bilayers required for normal
cutaneous barrier function.
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Figure 4. Comparison of control and Elovl mutant epidermis by his-
tology and transmission electron microscopy. H&E-stained paraffin sections
(Ai-iii), thin sections (Bi—iv), revealed significant differences in SC mor-
phology (A) and alterations in LB contents and lamellar membrane organiz-
ation in Elovi4%/#" epidermis (B). Epidermis from Wt mice shows a
normal pattern of secreted, lamellar contents at the SG—SC interface (Bi),
which reorganizes into broad lamellar membrane sheets (arrows). Bii—Biv
show electron-dense, spherical inclusions present within nascent LB at the
level of the frans-golgi in ElovI4%"*! mice (Biii, asterisks). These abnormal
lipid contents tend to coalesce into larger droplets, which are co-secreted
with lamellar contents at the SG—SC interface (Biv, asterisk). Secreted lamel-
lar and abnormal, non-lamellar contents fail to reorganize into replete, lamellar
membrane bilayers within extracellular domains of Elovi4/#! SC (Bii). Bii—
Biv, ruthenium tetroxide post-fixation; Mag bars = 0.1 wm. Representative
animals from three different litters were used to evaluate the histology.

Analysis of epidermal differentiation markers

Epidermal differentiation comprises an orchestrated, vertical
transformation of keratinocytes into the enucleate SC layer,
forming the epidermal permeability barrier function.
Mutations of a number of proteins expressed in the differen-
tiated layers of epidermis occur in hereditary cutaneous
disorders, and are accompanied by compromised epidermal
barrier function, e.g., mutations of loricrin, involucrin and
transglutaminase (22). Because ELOVL4 has been suggested
to be involved in the synthesis of unsaturated VLFA and
their metabolites, eicosanoids, which can regulate epidermal
proliferation and differentiation (23), we next examined the
expression patterns of specific protein markers in Elovi47</!



and Wt control neonatal epidermis by immunofluorescence.
Consistent differences in epidermal marker expression were
not observed between control and Elovi47¢"#! mice (data not
shown). The expression pattern of these markers suggests
not only normal epidermal differentiation in the homozygous,
knock-in mice, but also that the permeability barrier defect in
Elovi49" mice is likely due instead to alterations in the
lipid-enriched, extracellular matrix.

4del/del

Lipid composition of Elovl and Wt mouse epidermis

Since it is well established that cholesterol, FFA and ceramide
are the three major lipid classes critical for permeability
barrier formation and function, we next measured the
content of these lipids in the knock-in and Wt epidermis. Inter-
estingly, the total content of these three lipid classes was not
significantly altered in the Elovi4““’“! versus Wt epidermis
(Table 1). In addition, the content of glucosylceramide and
sphingomyelin, both of which are precursors in the formation
of the SC ceramides critical for mammalian epidermal per-
meability barrier (11,24) also were unaltered in epidermis
from Elovi49?"#!" (Table 1). However, because mammalian
epidermis contains at least nine major ceramide molecular
species with distinct combinations of sphingol base structures
and amide-linked FA (25,26), we further analyzed the FA
composition of the amide-linked FA of epidermal ceramide/
glucosylceramide by GLC—MS. The N-acyl-VLFA of the
combined epidermal ceramide/glucosylceramide fraction
[i.e., non-hydroxy (non-OH) FA (>C30); a-OH FA (>C28);
®-OH FA (>C30)] was signiﬁcantly diminished or not detect-
able (n.d.) in Elovi4%"#" epidermis (Table 2). In contrast,
shorter chain length N-acyl FA of ceramide/glucosylceramide
(i.e. non-OH C18 and C26; a-OH, C16 & C26; -OH C18 and
C20) were elevated in Elovi4%"#*! epidermis (Table 2). Con-
sistent with changes in amide-linked FA of ceramide/glucoysl-
ceramides, the composition of free VLFA was also altered
[i.e., non-OH FFA (>C28), 2-OH FFA (>C26) and w-OH
FFA (>C28)], were either not detectable or markedly dimin-
ished in ElovI4*"! compared with Wt epidermis (Table 3).
These results suggest that lack of competent epidermal per-
meability barrier structure/formation is attributable either to
a deficiency of VLFA and/or an alteration of the FA compo-
sition within the ceramide/glucosylceramide fractions, rather
than a global decrease in lipid content within the epidermis.
Mammalian epidermis contains unique w-O-acylceramide
species that contain VLC N-acyl FA and are critical for the
formation of lamellar membrane structures (27). Given that
diminished content of these epidermal-unique w-O-acylcera-
mides is associated with a variety of cutaneous disorders,
including atopic dermatitis, lamellar ichthyosis and Sjogren—
Larssen syndrome with barrier abnormalities (28), we
specifically examined the w-O-acylceramide content and FA
composition in the epidermis. High performance-TLC analysis
of total lipid extracts from Elovi4“/ epidermis revealed
undetectable levels of both w-O-acylceramide and its immedi-
ate precursor, acylglucosylceramide (acylGlcCer) (Fig. 5).
In contrast, all other ceramide and glucosylceramide species
were present in near-normal amounts in Elovi49*/* compared
with Wt control epidermis (Fig. 5). High performance liquid
chromatography—atmospheric pressure chemical ionization
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Table 1. Epidermal lipid content

Wt (g/mg dry tissue) del/del (ng/mg dry tissue)
Cholesterol 13.5 + 4.12 17.2 + 0.95
FFA 11.5 +3.39 11.0 £ 0.18
Ceramide 11.9 + 1.10 13.0 + 0.84
Glucosylceramide 1.95 + 0.22 2.15 4+ 0.37
Sphingomyelin 2.82 + 0.26 3.11 £ 1.15

Values represent mean + SD from four mice.

Table 2. Profiles of amide-linked FA of epidermal ceramide/glucosylceramide

Non-OH FA? «-OH FA? w-OH FA?

Wt del/del Wt del/del Wt del/del
12:0 0.53 0.75 0.37 1.44 1.95 2.40
14:0 1.42 1.77 0.33 2.87 n.d. n.d.
16:0 13.9 18.9 27.6 83.6 1.10 0.42
18:0 9.6 18.8 0.48 1.99 7.80 13.3
18:1 n.d. n.d. 0.03 n.d. 2.89 3.55
20:0 0.22 0.40 1.79 2.4 33.9 41.4
22:0 6.84 4.18 2.59 n.d. 26.2 19.9
24:0 6.14 10.3 10.9 n.d. 7.05 4.17
24:1 n.d. n.d. 29.4 n.d. 11.2 8.41
26:0 16.9 42.3 1.28 7.73 4.05 5.68
28:0 1.28 1.57 25.2 n.d. n.d. n.d.
30:0 43.0 0.98 n.d. n.d. 1.75 0.75
32:0 0.12 n.d. n.d. n.d. 2.14 n.d.
34:0 0.09 n.d. n.d. n.d. n.d. n.d.
Total 100 100 100 100 100 100
Total®

Wt del/del
Total Non-OH 203.3 188.9
Total a-OH 62.9 19.9
Total w-OH 30.8 45.3
Total 297.0 254.1

n.d., not detectable.

Carbon chain lengths for saturated FA (C12—C34) and unsaturated FA
(C18:1 and C24:1), which are present in epidermal ceramides and gluco-
sylceramides, were assessed; polyunsaturated fatty acids were not quanti-
fied in epidermis (47).

“Data are reported as mol % of total FFA.

"Data are reported as nmol/mg of dry epidermis.

tandem mass spectrometry (HPLC-APCI-MS/MS) studies
confirmed the presence of w-O-acylceramides and their ident-
ified molecular species in Wt epidermis (Fig. 6A, upper panel
and 6B), but these unique w-O-acylceramides were not
detected in Elovi4?"" epidermis (Fig. 6A, lower panel).
These results strongly suggest that ELOVL4 accounts for gen-
eration of ceramides and glucosylceramides containing VLFA,
and that a lack of normal ELOVL4 function not only alters the
VLFA composition, but also eliminates the production of a
key epidermal barrier ceramide species, w-O-acylceramide
and its immediate precursors, w-O-acylglucosylceramide.

On the basis of sequence homology between ELOVL4 and
yeast FA elongases, the ELOVL4 is predicted to have a role in
the generation of polyunsaturated FA (PUFA) (2). Given that
the isolation of epidermis from whole skin likely alters the
levels of labile PUFA, we determined the FA composition in
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Table 3. Profiles of epidermal FFA

Non-OH? «-OH? w-OH

Wt del/del Wt del/del Wt del/del
12:0 0.03 0.06 0.46 0.97 1.09 14
14:0 1.12 0.66 1.88 5.56 n.d. n.d.
16:0 15.6 9.2 26.7 84.7 1.36 1.26
18:0 114 9.12 1.4 2.37 9.24 4.64
18:1 n.d. n.d. 0.06 n.d. 1.36 1.54
20:0 0.37 0.27 291 2.04 26 27
22:0 5.35 1.31 37 n.d. 423 534
24:0 23.7 39.5 n.d. n.d. 5.81 4.84
24:1 n.d. n.d. n.d. n.d. 2.56 4.72
26:0 20.3 394 1 4.42 0.77 1.27
28:0 1.09 0.39 29.6 n.d. n.d. n.d.
30:0 20.8 0.15 n.d. n.d. 3.18 n.d.
32:0 0.14 n.d. n.d. n.d. 6.3 n.d.
34:0 0.1 n.d. n.d. n.d. n.d. n.d.
Total 100 100 100 100 100 100
Total®

Wt del/del
Total Non-OH 153.4 149.2
Total a-OH 24.9 5.1
Total w-OH 20.2 24.2
Total 198.5 178.5

n.d., not detectable.

Polyunsaturated fatty acids were not quantified in epidermis.
“Data are reported as mol % of total FFA.

"Data are reported as nmol/mg of dry epidermis.

whole skin extracts. Analysis of FFA revealed increased total
saturated FA (esp. 24:0 and 26:0), while both monounsaturaed
FA and PUFA (i.e., 18:1n-9, 18:2n-6, and 22:6n-3) were
decreased in whole skin from ElovI4%"*' mouse compared
with that from Wt animals (Table 4). A similar trend of
increased saturated FA (esp. 16:0, 24:0 and 26:0), and
decreased monounsaturated FA (e.g., 18:1n9, 20:1n9) and
PUFA (most notably, 18:2) was also evident in the neutral
lipid fraction from Elovi4“’#! mouse skin compared with
Wt controls (Table 4). Finally, although the total saturated
and unsaturated FA ratios from the polar lipid fraction were
largely unchanged, the relative percent of 22:5n3 decreased
in Elovi4?"#! wwhole skin (Table 4). These results demonstrate
that ELOVL4 affects not only VLFA synthesis, but also the
generation/distribution of unsaturated FA, consistent with its
putative involvement with PUFA metabolism in retina.

DISCUSSION

In these studies, we generated mice with a 5-bp deletion in the
Elovl4 gene as occurs in autosomal dominant Stargardt-like
macular degeneration (STGD3) (7). Both the homozygous
(Elovi4®"#"y and heterozygous (ElovI4™#!) animals develop
to term, revealing no embryonic lethality. In addition, no
significant difference in animal size or body weight was
evident between all three mouse genotypes (del/del, +/del,
Wt) immediately after birth. However, the Elovi49¢"4" mice,
which express only the mutant ELOVL4 protein, developed
skin abnormalities including scaling and xerosis, and died

within a few hours after birth. Conversely, Elovi4 mice

revealed no signs of skin or other abnormalities at birth, and
demonstrated comparable postnatal growth with Wt animals.
Although histopathological studies revealed no significant
abnormalities in extracutaneous tissues, competent epidermal
permeability barrier structures; i.e., lamellar membranes, did
not form in the extracellular domains of ElovI4““/' SC.
Thus, in addition to the role(s) for ELOVL4 in retina structure
and function, the present findings indicate that this ELOVL
family protein is important for cutaneous function and
required for mammalian survival. In its absence, the ensuing
epidermal permeability barrier abnormality results in
dehydration, the apparent cause of early neonatal lethality in
ElovI49/4! mice.

While the presence of VLFA (>C26) of both esterified and
free form have been reported in mammalian tissues i.e., epi-
dermis (26), retina (29), brain (30) and testis (31), the respon-
sible enzymes for VLFA synthesis (>28) have not been
delineated in any of these tissues. ELOVL4 belongs to a
family of FA elongation enzymes (ELO) which are predicted
to participate in the synthesis of long-chain FA; e.g., C22:6n-3
(32,33). The significant diminution of both free VLFA and
amide-linked VLFA in ceramidegglucosylceramide (i.e.,
>(28) in the epidermis of ElovI4“"** neonates, in compari-
son with littermate controls (Tables 2 and 3), strongly suggests
that ELOVLA4 is required for de novo VLFA (>C28) synthesis
in this tissue. In addition, the present study reveals that
ELOVL4 is uniquely involved in the synthesis of such
VLFA (C > 28), which has not previously been reported in
mammals. Interestingly, since ELOVL4 is also expressed in
retina, brain and testis, it might function to generate VLFA
in these tissues, as well. However, neither the presence nor
the function of such VLFA has yet been explored in these
extracutaneous tissues. Finally, since significant decreases in
PUFA (including 22:6n-3) were evident in the FFA fraction
and non-polar lipid fraction of Elovi4%"#! skin, ELOVL4
enzymatic activity may also be important for the synthesis
of certain PUFA in the skin and other tissues (2).

The present study provides further insights into the mechan-
isms that lead to barrier dysfunction in Elovi4““"**' mice. Most
importantly, abnormal LB generation and lamellar membrane
structures are predominant in the extracellular domains of
ElovI47"#! SC. These abnormalities provide a likely structural
explanation for the diminished epidermal permeability barrier
function in animals lacking normal ELOVL4. Yet, multiple
metabolic steps are involved in the maintenance of competent
barrier function, including high rates of ceramide, glucosylcer-
amide, cholesterol and FFA syntheses, thereby generating the
necessary lipid precursors to nascent LB during keratinocyte
differentiation. In addition, secretion of LB containing not
only lipid precursors, but also hydrolytic enzymes that are
required for the exracellular processing of secreted lipid precur-
sors into the non-polar species that form normal lamellar mem-
branes, is also required. Given these multiple steps, what is the
likely biochemical mechanism that underlies the attenuation of
lamellar membranes, leading to permeability barrier dysfunc-
tion in Elovi4%V" mice? Since total cholesterol, FFA, cera-
mide, glucosylceramide and sphingomyelin contents remain
normal in Elovi47"*' mice, it is likely that high rates of their
syntheses are maintained in mice lacking normal ELOVLA4.
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Figure 6. LC-MS/MS of Elovi4?"#! and Wt epidermal lipid extracts.
(A) Positive-ion representative chromatograms for ions that are present in
Wt (upper panel) and missing from Elovi4%/#*! (lower panel) extracts. (B)
Representative example of linoleate-containing w-O-acylceramide (C32:0)
present in Wt but missing from Elovi4“"“! epidermis. Arrows show represen-
tative cleavage sites and corresponding mass-ions detected in positive ms/ms
product analysis.

If lipid processing were to be affected, the conversion of gluco-
sylceramide-to-ceramide by B-glucocerebrosidase, leading to
glucosylceramide accumulation and decreased SC ceramide,
as evident in B-glucocerebrosidase-deficient (34) or the sphin-
golipid activator protein C (SAP-C)-deficient (35) mouse
skin, could be altered. Alternatively, the hydrolysis of sphingo-
myelin-to-ceramide, also an important lipid modification for

barrier formation, might be defective. Yet, neither glucosyl-
ceramide nor sphingomyelin accumulated in Elovi49e/d!
epidermis, while total ceramide levels also remain normal.
Furthermore, glycerophospholipid hydrolysis, which contrib-
utes the necessary FFA to the SC, also remains normal in
Elovi49"!  epidermis. Therefore, it is not likely that
extracellular lipid processing accounts for the observed
barrier abnormalities in animals lacking functional ELOVLA4.

A more likely mechanism for the barrier defect involves
deficiencies of VLFA-containing lipids in ElovI4%/*! epidermis.
Whereas the nearly equimolar ratio of cholesterol-FFA-ceramide
(i.e., 1:1:1) in the SC is important to organize lamellar membrane
structures, alterations of the molecular distribution of ceramides
also affect lamellar membrane structures (9). In particular,
w-0O-acylceramide is a key barrier constituent and appears to
link adjacent lamellar membrane structures (36,37). Moreover,
linoleate (C18:2) is the major w-esterified component of
w-O-acylceramide, and decreased linoleate-containing
w-O-acylceramide accounts for the permeability barrier abnorm-
ality in essential FA deficiency (38). In addition, a modest
decrease in w-O-acylceramide (56—60% of normal) occurs in
several dermatoses with abnormal barrier function, i.e., atopic
skin (39), lamellar ichthyosis and Sjogren—Larssen syndrome
(28). Thus, the lack of w-O-acylceramide in the Elovi47</d!
epidermis could itself cause defective formation of lamellar
membrane structures, thereby disrupting epidermal barrier func-
tion. We also demonstrate here the presence of free a-OH FA
and w-OH FA, which have not been previously reported in epi-
dermis. In addition, we recently found free a-OH and w-OH
FA are present in cultured human keratinocytes (Y. Uchida
et al., personal communication). Although the levels of
very lon/g—chain length free a-OH FFA are diminished in
Elovi4™"® mice, the role(s) of these hydroxylated FFA in epi-
dermal barrier function remain to be resolved. Finally, decreases
in PUFA could also affect the synthesis of eicosanoids, which
can regulate epidermal proliferation and differentiation (23).
However, because the increases in lipid production and protein
synthesis generally associated with epidermal differentiation
were not altered in ElovI4“/#*! animals, it is not likely that
decreases in PUFA levels are a major contributor to the observed
barrier abnormality.
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Table 4. FA profile (% of total FAs) of lipid fractions from whole skin lipids

FFA fraction Neutral lipid Polar lipid
Wt % del/del Wt % del/del Wt % del/del

16:0 7.51 + 0.16 5.18 + 0.13 14:0 1.00 + 0.01 0.87 £ 0.11 14:0 1.04 + 0.17 1.12 £ 0.04
18:0 23.7 + 0.86 18.8 + 0.63 15:0 0.15 + 0.01 0.21 + 0.01 15:0 0.35 £ 0.01 0.38 £+ 0.01
20:0* 0.90 + 0.04 0.73 £ 0.02 16:0 15.7 £ 0.23 19.6 £+ 0.35 16:0 19.6 £+ 0.66 20.3 +0.83
22:0 2.87 +£0.21 2.66 + 0.09 18:0 4.67 £ 0.10 499 +0.22 18:0 12.1 £ 0.56 10.8 + 0.46
24:0° 19.6 + 1.86 26.7 + 0.93 20:0 0.37 + 0.01 0.39 £ 0.01 20:0 0.50 + 0.03 0.44 + 0.02
25:0 3.47 + 0.34 442 +0.11 22:0 1.88 + 0.07 1.80 £+ 0.06 22:0 1.34 + 0.08 1.11 £+ 0.04
26:0° 16.1 + 1.10 26.7 £ 0.78 24:0 143 + 0.53 18.1 + 0.62 24:0 4.16 +£0.23 428 +0.14
18:1n9* 14.6 + 0.38 8.10 + 0.26 25:0 1.50 £+ 0.06 2.09 + 0.06 25:0 0.40 + 0.03 0.41 + 0.01
18:1n7 1.39 + 0.05 1.18 + 0.05 26:0° 3.73 + 0.16 7.78 + 0.19 26:0 1.24 £+ 0.05 1.46 + 0.03
18:2n6" 6.62 + 0.16 2.80 + 0.06 14:1 0.12 + 0.01 0.21 £+ 0.01 12:1 0.17 + 0.01 0.21 + 0.01
20:4n6 1.92 + 0.09 1.78 + 0.11 16:1n7 3.29 + 0.05 7.21 + 0.09 14:1 0.27 + 0.01 0.29 + 0.01
22:6n3" 1.43 + 0.04 1.09 + 0.05 18:1n9* 279 + 035 19.3 £ 0.23 16:1 0.64 + 0.01 0.73 + 0.03
18:1n7 2.15 + 0.04 2.22 +0.07 16:1n7 2.56 + 0.05 3.01 +0.09
20:1n9 0.85 + 0.01 0.48 + 0.01 18:1n9 17.9 + 0.83 18.0 £ 0.82
22:1 0.77 £+ 0.03 1.22 + 0.04 18:1n7 3.26 £ 0.11 3.49 +0.13
24:1n9 0.37 + 0.01 0.50 £+ 0.02 20:1n9 0.42 + 0.03 0.40 £ 0.02
18:2n6" 13.8 +£0.19 8.19 + 0.08 22:1 0.19 £+ 0.01 0.19 + 0.01
18:3n6 0.37 £+ 0.01 0.20 £+ 0.01 24:1n9 1.41 £+ 0.09 1.37 + 0.04
20:2n6 0.56 + 0.01 0.38 + 0.01 18:2n6 8.48 + 0.44 8.37 £ 0.33
20:3n6 0.54 + 0.01 0.39 £+ 0.01 18:3n6 0.17 £ 0.01 0.16 £+ 0.01
20:4n6 1.87 + 0.03 1.68 + 0.04 20:2n6 0.45 + 0.03 0.39 + 0.01
22:4n6" 0.41 + 0.01 0.26 + 0.01 20:3n6 0.96 + 0.03 0.88 + 0.04
18:3n3* 0.53 + 0.01 0.32 £+ 0.01 20:4n6 11.7 £ 0.71 11.5 + 0.57
20:5n3 0.63 + 0.01 0.58 + 0.01 22:2n6 0.15+0.01 0.14 + 0.01
22:5n3% 0.67 + 0.01 0.28 + 0.01 22:4n6 1.71 + 0.07 1.83 £ 0.09
22:6n3" 1.76 + 0.02 0.94 + 0.01 22:5n6 0.38 + 0.02 0.40 + 0.02
24:4n6 0.16 + 0.01 0.18 + 0.01
24:5n6 0.15 + 0.01 0.15 + 0.01
18:3n3 0.15 + 0.01 0.15 + 0.01
20:5n3 0.44 + 0.01 0.40 + 0.01
22:5n3 1.43 £+ 0.04 1.09 + 0.03
22:6n3 6.01 +0.33 6.17 + 0.31
24:6n3 0.12 + 0.00 0.20 £ 0.01

“The mean difference is significant at 0.05 level.

In addition to the loss of functional ELOVL4, the epidermal
barrier abnormality in ElovI47*/*" animals could arise either
from accumulation of mutant ELOVL4 protein in keratino-
cytes, or from an as yet unknown gain-of-function in the
mutant protein. However, the abnormalities in LB formation,
as well as the paucity of extracellular lamellar membrane
structures in the Elovi4%"#! skin, argue strongly that altered
lipid content/distribution is the primary cause for the observed
deficiency in barrier function.

Elovl4 is expressed from early embryonic stages, indicating
that the presence of functional Elovi4 is critical during devel-
opment (3). While epidermal permeability structures are
formed in the late embryonic stage (i.e., E17—18 in mouse)
(40), whether the deficiency of normal ELOVL4 function
affects barrier ontogenesis in embryonic stage(s), or whether
the terrestrial environment encountered after birth elicits/
unmasks the barrier abnormality in Elovi49/?*! skin, remains
unknown. It is also interesting that although Elovi4 is
expressed in the brain at levels similar to its expression in
the skin, no significant developmental abnormalities were
noted in the brain(s) of homozygous Elovi4*"#*! mice.
Although lack of normal ELOVL4 may yet be found to
affect brain function, this aspect could not be studied here as
the Elovi4%"#! mice do not survive beyond postnatal day 0.

Moreover, since Elovl 1, 4, 5 and 6 are all expressed in the
brain, it may be possible that one of these gene products can
compensate for the loss of normal brain ELOVL4 in these
animals. In the retina, Elovi4 is expressed at the highest
levels among all tissues surveyed, and FElovi4 levels in
the retina were highest compared with the expression of
other Elovl genes. However, in the retina, Elovi4 is primarily
localized to the photoreceptor layer that is formed during post-
natal development in mice. Thus, as the ElovI47"#*! mice do
not survive beyond a few hours after birth, it again was not
possible to evaluate the effect(s) of the lack of functional
Elovi4 on the photoreceptor layer development in the retina.
Conversely, mice carrying the 5-bp deletion in the heterozy-
gous state survived beyond 20 months, with no apparent
skin abnormalities being noted. Similarly, in both STGD3
patients and FElovl4 heterozygous knock-out mice, no
obvious skin abnormalities have been reported (41). This indi-
cates that Elovl4 haplo-insufficiency does not significantly
affect skin development and/or function. The ELOVL4 5-bp
deletion was found to be a dominant mutation causing
late-onset photoreceptor degeneration both in patients and in
the heterozygous knock-in mouse model (1,7). In cultured
cells, the mutant 5-bp-deletion protein was found to recruit
Wt ELOVL4 into aggregates (6). Given these results, it has



been hypothesized that the late-onset photoreceptor degener-
ation observed in the ELOVL4 5-bp deletion heterozygous
knock-in mice and in STGD3 patients reflects the cumulative
effect of the dominant-negative mutation. However, unlike the
photoreceptor cells, the outermost layer of the epidermis, the
SC, is shed completely about every 2 weeks in humans, poss-
ibly limiting accumulation of ELOVL4 aggregates in epider-
mal keratinocytes of heterozygous individuals. Thus, either
this lack of ELOVL4 accumulation or the persistence of
ELOVLA4 activity in the skin of STGD3 patients and mice
carrying the 5-bp deletion mutation in the heterozygous state
may explain their lack of skin abnormalities.

Earlier and our current studies also indicate that the
expression profiles for specific ELOVL4 proteins are related
to tissues expressing these genes, suggesting that each Elov/
may have a unique role(s) in those tissues. For example,
both Elovll and Elovl3 are involved in the formation of satu-
rated and monounsaturated fatty acyl chains containing up to
24 carbon atoms. Elov/3-ablated mice demonstrated dry fur,
atrophic sebaceous glands in addition to abnormalities in the
regulation of saturated and monounsaturated (n-9) FA levels
(42). Although the highest level of Elovi3 expression is
observed in the liver, loss of this gene did not affect the
liver function in FElovi3-ablated mice. However, the skin,
with low baseline levels of Elovi3 expression, showed a sig-
nificant defect in water repulsion and increased transepidermal
water loss in Elovi3-ablated mice (42), suggesting that active
ELOVL3 is critical for the normal function of the skin.
Together, these results demonstrate important role(s) for long-
chain FA in the normal structure and function of the mamma-
lian skin as a barrier to water loss. In addition, these studies
reveal the critical role of ELOVL4 in synthesizing the very
long-chain FAs and omega-O-acyl ceramides in mammalian
tissue and further establish the importance of these unique
lipids in mammalian skin structure and function.

MATERIALS AND METHODS
Reagents and antibodies

Anti-ELOVL4 antibody used for immunoblot analysis was
from ABCAM (Cambridge, MA, USA). Affinity purified
anti-ELOVL4 antibodies used for immunohistochemical analy-
sis were described earlier (43). Anti-filaggrin antibody,
anti-loricrin antibody (1:500 dilution), anti-K5 antibody, anti-
Klantibody were from Covance (Berkeley, CA). Alexa
fluor-555 and Alexa fluor-448 were from Molecular Probes
(Carlsbad, CA); Trizol was from Invitrogen (Carlsbad, CA);
Ceramide, glucosylceramide and sphingomyelin were from
Matreya (Pleasant Gap, PA) or Avanti Polar Lipids (Alabaster,
AL). Cholesterol and palmitic acid were from Sigma-Aldrich
(St Louis, MO). Other reagents were purchased from Sigma-
Aldrich. High performance thin layer chromatography plates
(Silica Gel 60) were from Merck (Darmstadt, Germany).

Animal maintenance and tissue collection

Generation of Elovi4 5-bp deletion mutant knock-in mice is
described elsewhere (7). Experiments were conducted in
accordance with the Statement for the Use of Animals in
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Ophthalmic and Vision Research and with protocols approved
by the University committee for the use and care of animals.
Mice carrying the Elovi4 5-bp deletion in the homozygous
state were generated by mating heterozygous mice. Neonates
were collected immediately after birth to perform the studies
described here, and genotypes were monitored by PCR using
tail DNA, as described earlier (2). All studies described here
were performed on mice carrying the Elovl4 mutation in the
homozygous (ElovIi49/"y or heterozygous (Elovi4™#!) state
and with Wt, littermate controls. Adult C57BL/6 mice were
used to study the expression profile of different Elovi4 genes
in mouse tissues.

Isolation of RNA and real-time qRT-PCR

Skin from newborn Elovi4 5-bp deletion mutant knock-in
mice was collected to measure the expression levels of Wt
and mutant Elovi4 alleles. To evaluate the tissue-specific
distribution of different Elovl genes (i.e., Elovil—Elovi6)
skin, liver, brain and retina were collected from C57BL/6
mice. Total RNA was isolated using Trizol reagent following
manufacturer’s instructions.

Isolated RNA was treated with RNase-free DNase I and
purified with RNeasy mini kit (Qiagen, Valencia, CA). First
strand cDNA was synthesized using random primers and
the superscriptTM first strand synthesis system for RT—PCR
(Invitrogen). Quantitative PCR and melt curve analysis were
performed using BIO-RAD iQTM SYBR Green supermix
and a BIO-RAD iCycler (Biorad, Hercules, CA). Relative
quantitative expression of genes were calculated by the
comparative Ct method, normalized against the housekeeping-
gene expression; values are reported as the mean (+SD) on
an arbitrary scale, as previously reported (3). The list of
primers used for the individual Elovis was reported
previously (7).

Immunoblot analysis

Protein extracts from skin samples of Elovi4%/#! Elovi4
and Wt animals were collected by homogenizing the skin with
lysis buffer; protein concentrations were determined using the
Pierce BCA reagent (Pierce Biotechnology, Rockford, IL).
Proteins were resolved by 10% SDS—PAGE, transferred to
nitrocellulose membranes and processed for immunoblot
analysis using anti-ELOVL4 antibodies, as previously
described (6,43).

Skin histology and ultrastructure

Skin samples from euthanized ElovI4“"!| Elovi4*/%' and Wt
mice were fixed in formalin and embedded in paraffin. Five-
micron sections were cut from each block and stained with
hematoxylin and eosin according to standard protocols. For
ultrastructural analysis, small pieces of full-thickness skin
from neonates were pre-fixed in a mixed aldehyde solution,
post-fixed in both osmium tetroxide and ruthenium tetroxide
and embedded in an Epon-epoxy resin. Ultrathin sections
were examined, after further contrasting with lead citrate,
with a Zeiss 1A electron microscope operated at 60 kV.
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Hematoxylin staining to assess skin barrier function

To assess epidermal barrier function in animals from each
genotypes, a skin permeability assay was performed as
previously described (44). In brief, newborn animals were
euthanized, then fixed in methanol for 5 min, washed with
phosphate buffered-saline and incubated in hematoxylin
solution for 20 min at room temperature. Excess hematoxylin
was removed by several thorough washes with phosphate
buffered-saline. After the hematoxylin staining, images of
the embryos were captured using a Nikon digital camera.

Immunohistochemistry

Paraffin-embedded skin sections from ElovI4%V! Eloyi4*/d¢!
and Wt animals were deparaffinized and rehydrated with
serial dilutions of alcohol. Immunohistochemistry with
anti-filaggrin, anti-loricrin, anti-K5 and anti-K1 antibodies
was performed as described previously (7). Fluorescent
images were captured by using Nikon-E800 epifluorescence
microscope.

Epidermal lipid quantification

Epidermis was separated from dermis as described previously
(24). Total epidermal lipids were extracted by the method of
Bligh and Dyer (45), as previously modified (24). Briefly,
total lipids were extracted from epidermis with chloroform—
methanol—water (1:2:0.8) followed by addition of one
volume of chloroform and one volume of water to form two
layers. Following centrifugation, the lipid-enriched lower
phase was mixed with water saturated with chloroform—
methanol, and recentrifuged. The lower phase was used for
lipid analysis.The major lipid species were separated first by
high performance thin-layer chromatography (46,47), with
the following solvent systems: (a) for ceramides and glucosyl-
ceramides: chloroform—methanol—water (40:10:1, v/v/v) to
2 cm and then to 5 cm; chloroform—methanol—acetic acid
(47:2:0.5, v/v/v) to 8.5 cm; and n-hexane-diethyl ether-acetic
acid (65:35:1, v/v/v) to the top of the plate; (b) for sphingo-
myelin: chloroform—methanol —acetic acid—water (50:30:8:4,
v/v) and (c) for cholesterol and FAs: n-hexane-diethyl-
ether—acetic acid (70:30:1, v/v/v) twice to top of the plate.
Lipids were visualized after treatment with cupric acetate-
phosphoric acid, and heating to 160°C for 15 min. The quan-
tity of each lipid was determined by spectrodensitometry, as
previously described (37). Results are reported as the lipid
amount per weight of dry epidermis, and the percent of
lipids for particular lipid classes.

Analysis of epidermal amide-linked FA of ceramide/
glucosylceramide and FFA by GLC-MS

The ceramide/glucosylceramide fraction was isolated from
total epidermal lipid extracts as described previously
(46,47). Briefly, total lipid extracts were first applied to an
aminopropyl silica gel column (Varian Assoc. Inc., Harbor
City, CA), equilibrated with n-hexane to separate the ceramide
and glucosylceramide containing fraction from the FFA
fraction. After washing the column with n-hexane, the

fraction containing ceramide/glucosylceramide was eluted
with chloroform—isopropanol (2:1, v/v). The FFA fraction
was then eluted with 2% acetic acid in diethylether. The cer-
amide/glucosylceramide containing fraction was subjected to
mild alkaline hydrolysis, and then enriched on an aminopropyl
silica gel column, as earlier. To quantify the FA composition
of ceramide/glucosylceramide, a mixture of odd-chain FA
(C15-C25) was added to each sample as internal standards.
Following alkaline hydrolysis (4 N KOH, 65°C overnight),
FAs from the amide-linked FA of ceramide/glucosylcera-
mide-enriched fraction were converted to their respective
methyl esters by incubation with anhydrous methanolic HCI
(65°C for 45 min); the resulting FA methylesters were then
derivatized to trimethylsilyl ethers, as described previously
(48). Derivatives were analyzed by GLC-MS (GCMS-
QP2010, Shimadzu Scientific, Columbia, MD) on a Restek
RTX-5 column (30 x 0.25 mm L.D., 0.25 pm D.F., Restek
Corporation Bellefonte, PA). The initial temperature was
110°C with 10°C increases each minute up to 300°C.
Carbon chain length of C12—C34 of saturated FA and unsatu-
rated FA of C18:1 and C24:1, which are present in epidermal
ceramides and glucosylceramides, were assessed (46). PUFAs
were not quantified in epidermis.

Analysis of epidermal ceramide/glucosylceramide species
by APCI tandem mass spectrometry

Sphingolipid species were analyzed using non-aqueous
reverse phase HPLC followed by APCI-MS/MS, as described
previously (49,50). Briefly, sphingolipids were separated by
HPLC on a CI18 column using a mobile phase gradient
(from methanol with 2% water to methanol with 70% ethyl
acetate). The effluent from the HPLC column was continu-
ously ionized by APCI using a Turbo V  ion source
(Applied Biosystems, Framingham, MA). A 3200 Q TRAP®
mass spectrometer was operated, while using an information-
dependent acquisition (IDA) method, to continuously acquire
HPLC-MS data and to automatically collect MS/MS on
many of the individual lipids as they eluted. During the IDA
runs, molecular weight and abundance information was con-
tinuously recorded using a 4000 amu/s EMS, trap MS scan.
During each 1s or shorter acquisition cycle, the most
rapidly increasing mass signal detected by the EMS scan
was automatically selected as the precursor ion of a trap
product ion scan, EPI. The EPI results were then recorded in
experiment two using the same time axis. The Analyst® and
MarkerView  software packages used for data analysis
associate the HPLC, MS and MS/MS data as a single multidi-
mensional data set. Source conditions, including nebulizer gas
flow, nebulizer temperature, nebulizer current, decluster
potential, collision energy and collision energy spread had
been optimized for both positive and negative ion runs using
standard ceramides and cerebrosides.

Analysis of FFA and esterified-FA in whole skin

Full-thickness skin samples (~0.5 cm?) comprising epidermis
and dermis and including variable amounts of subcutaneous
fat were collected from the dorsal region of newborn mice,
weighed and lipid extraction was performed according to the



method of Folch et al. (51). Each sample was initially
homogenized with 1 ml of BHT-methanol (50 mg/l) and a
mixture of internal standards (5.22 pg of 19:1—triglyceride
for neutral lipids, 5 pg of 21:0—unesterified FA for the FFA
and 6.55 pg of 23:0—phosphatidylcholine for polar lipids/
phospholipids) was added.

The lipid fractions, FFA, neutral lipid and polar lipid were
obtained by solid phase extraction as previously described (52)
and subsequently transmethylated using the BF3-methanol
method of Morrison and Smith (53) as modified by Salem
et al. (54) with the co-solvent hexane. The methyl ester
samples were analyzed by gas chromatography as previously
described (54), except that each fraction was injected using
a splitless method. For the splitless injection of 1 pl of the
hexane extract, the purge flow to the split vent was set to a
rate of 14 ml/min and the valve opened 0.25 min after
injection.

Statistical analysis

Statistical analysis was performed using the statistical
software package SPSS, version 12.0 for Windows (SPSS
Inc., Chicago, IL). The results are expressed as mean + SD
for each group. The Kruskal—Wallis test was performed to
assess the differences between the means.
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