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( 1–4 ). All three identifi ed pathogenic mutations lead to 
synthesis of a truncated ELOVL4 protein deprived of its 
C-terminal sequence. The deleted sequence contains a 
peptide motif for retention in the endoplasmic reticulum 
( 1, 2 ), a site of long chain fatty acid synthesis ( 5 ). The 
truncated protein expressed in cultured cells has been 
shown to leave the endoplasmic reticulum ( 6, 7 ) and to 
carry associated with it wild-type (wt) ELOVL4 protein 
( 8–10 ). All these fi ndings suggest that the ELOVL4 patho-
genic mutations decrease the effi cacy of fatty acid chain 
elongation, the reaction known to be a rate-limiting step 
in fatty acid synthesis ( 11 ). 

 ELOVL4 appears to be the only elongase capable of syn-
thesis of fatty acids containing more than 26 carbon atoms. 
First, such fatty acids have been shown to be synthesized in 
cultured cells that have been transfected with an ELOVL4 
transgene ( 12 ). Second, the retinas of heterozygous Stgd3 
mice, which carry a human pathogenic 5-bp deletion in 
the mouse Elovl4 gene, have a defi ciency of phosphatidyl-
choline (PC) lipids that contain acyl residues of polyun-
saturated C28-C36 fatty acids ( 13 ). This early, selective 
lipid change is later followed by reduced vision and in-
creased retinal accumulation of toxic lipofuscin products 
( 14 ). All these fi ndings have suggested that polyunsatu-
rated C28-C36 fatty acids play vital, yet to be determined 
roles in retinal physiology ( 15 ). 

 To fully comprehend the functions of C28-C36 fatty ac-
ids in the retina, and potentially in other Elovl4-expressing 
tissues, such as skin, brain, lens and testis ( 1, 16 ), heterozy-
gous Stgd3 mice were bred to homozygosity. The aim was 
to generate mature homozygous Stgd3 mice that com-
pletely lacked C28-C36 fatty acid synthesis. At birth, retinal 
development in wt mice is incomplete, and fully functional 
retinas are not present until mice are about three weeks 
old. The generated homozygous Stgd3 mice were born at 
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ate compound Tg A+C  mice on the homozygous Stgd3 background. 
Mice were housed in the University Animal Resource Center un-
der a 12 h light/12 h dark cycle. Retinal samples were collected 
from mice euthanized in the middle of the daylight cycle. 

 All experiments with animals were conducted in conformity 
with the Public Health Service Policy on Human Care and Use of 
Laboratory Animals, and they were approved by the Institutional 
Animal Care and Use Committee of the University of Texas 
Southwestern Medical Center. 

 Mouse genotyping 
 Genotyping was performed by PCR analysis of tail DNA using 

forward 5 ′ -CACTAGAATGCCCTTGCTGAGC and reverse 5 ′ -GGC-
TCATTGTATGTCCGAGTGTAGAAGTTG primers for the wt 
Elovl4 allele, and forward 5 ′ -GCCTTGGGGAAACCACAGTAGA 
and reverse 5 ′ -GCTCTTTGTATGTCCGAGTGTAGGAGGA prim-
ers for the Stgd3 (Elovl4 mutant) allele. The PCR reaction for the 
Elovl4 transgene used forward 5 ′ -GACCGGTGTGACTTCCTT-
GATC and reverse 5 ′ -TTCCCATAGAACAGGGACTGTGCCAT 
primers, both containing human involucrin promoter sequence 
present in the transgene. PCR reactions generated sequence-
specifi c products of 332, 441 and 204 bps for the wt Elovl4 allele, 
Stgd3 allele and Elovl4 transgene, respectively ( Fig. 1B ). 

 Nuclease protection assay 
 Total RNA was isolated from mouse dorsal skin (ca. 50 mg) or 

an eyecup using RNA-Stat60 reagent. Isolated RNA samples were 
hybridized for 16 h at 68°C with [ 32 P]labeled riboprobe in a 25  � l 
mixture containing 40 mM Tris-HCl, pH 7.5, 0.6 M NaCl, 4 mM 
EDTA, pH 7.5, 4 mM dithiothreitol and 40% formamide. Follow-
ing hybridization, the samples were digested for 45 min at 50°C 
with 240 units of S1 nuclease (Invitrogen) added in 150  � l buffer 
containing 50 mM sodium acetate, pH 4.8, 0.2 M NaCl and 15 
mM zinc chloride. After digestion, the samples were extracted 
with a 0.2 ml phenol/chloroform mixture (1:1, vol:vol), precipi-
tated with ethanol, then dissolved and denatured in 10  � l 80% 
formamide at 95°C for 2 min, and loaded onto an 8% polyacryl-
amide gel (0.1 mm Criterion Cassette, Bio-Rad Laboratories, 
Hercules, CA) containing 6 M urea. After 1.5 h electrophoresis at 
120 Volts the gels were analyzed for radioactive riboprobe frag-
ments using a Typhoon 9410 phosphoimager (Amersham Biosci-
ences Corporation, Piscataway, NJ). 

 Two riboprobes of different lengths were used to analyze 
mRNA expression. The fi rst, a 320-nucleotide (N) riboprobe 
( Fig. 1C ) which contained (a) 72 Ns complementary to an SV40 
polyA sequence present only in Tg mRNA, (b) 177 Ns comple-
mentary to an Elovl4 sequence present in wt Elovl4, Stgd3 and Tg 
mRNAs, and (c) 71 Ns of the vector sequence. In the assay, both 
wt Elovl4 and Stgd3 mRNAs protected the 177-N Elovl4 fragment 
of the riboprobe. In contrast, Tg mRNA protected this same frag-
ment plus the adjoining 72 Ns SV40 sequence yielding a 249-N 
protected fragment [ Fig. 1D (i) and (ii)]. 

 The second probe, a 414-N riboprobe was used in an assay to 
examine tissue specifi c expression of the Elovl4 transgene. This 
probe consisted of three components: (a) a 55-N sequence com-
plementary to a 3 ′ -non-coding Elovl4 mRNA fragment present in 
both wt Elovl4 and Stgd3 mRNAs but not in the Tg mRNA, (b) a 
287-N sequence complementary to a 3 ′ -coding Elovl4 mRNA 
fragment present in its entirety in wt and Tg mRNAs but only 
partly in Stgd3 mRNA, and (c) a 72-N vector sequence. In the 
assay, wt mRNA and Tg mRNA protected 342-N and 287-N ribo-
probe fragments, respectively ( Fig. 9 ). Protection by the Stgd3 
mRNA yielded two riboprobe fragments of 230 and 107 Ns as a 
consequence of the internal Stargardt-3 pathogenic deletion of 
fi ve base pairs in the Stgd3 (mutated Elovl4) gene. 

the expected Mendelian frequency, but they died a few 
hours after birth showing symptoms of defective skin bar-
rier function ( 14 ). This same phenotype has also been re-
ported for all homozygous Elovl4-mutant mice that have 
been generated to date ( 17–19 ). Analysis of epidermal lip-
ids in all these mouse mutants revealed a complete ab-
sence of acylceramides, which contain residues of saturated 
and monounsaturated C28-C36 fatty acids. 

 All these fi ndings suggested a need for generation of 
viable mature mice that would completely lack C28-C36 
fatty acid synthesis in the retina and in other Elovl4-
expressing tissues. In this article, we describe generation of 
homozygous Stgd3 mutant mice that express an involu-
crine promoter-driven Elovl4 transgene. With these mice, 
we sought to answer the following questions:  a ) can epi-
dermal C28-C36 acyl lipid synthesis be restored in homozy-
gous Stgd3 mice by expression of transgenic (Tg) Elovl4 in 
the epidermis,  b ) can expression of the transgene repair 
the defective skin permeability barrier function in ho-
mozygous Stgd3 mice, and  c ) is the defective skin barrier 
function in homozygous Stgd3 mice the only cause of their 
neonatal lethality? The results of our studies in the Tg/
homozygous Stgd3 mice yield positive answers to all these 
questions, verifying the importance of Elovl4 lipid prod-
ucts for the skin function and animal viability. 

 MATERIALS AND METHODS 

 Transgene construction 
 Total RNA was isolated from retinas of 129SvEv mice (Taconic, 

Hudson, NY) using RNA-Stat60 reagent following the manufac-
turer’s protocol (Tel-Test, Inc., Friendswood, TX). Then the 
RNA sample was RT-PCR transcribed using the Superscript III 
First-Strand cDNA Synthesis System (Invitrogen Corporation, 
Carlsbad, CA), the High Fidelity PCR System (Stratagene, La 
Jolla, CA), and Elovl4 amplifi cation primers, forward 5 ′ -GCGGC-
CGCTGCTCGTACCTCTCCTC and reverse 5 ′ -GCGGCCGCACT-
GTCTACCGGTTAAGGCCCAGT. Both primers were designed 
to incorporate a NotI restriction site on fl anking ends of the Elovl4 
sequence. The amplifi ed DNA was cloned into the pCR-XL-
TOPO vector (Invitrogen), verifi ed by sequencing, and released 
by NotI digestion. The isolated Elovl4 DNA fragment was cloned 
into a NotI-digested pH3700-pL2 plasmid, replacing its NotI-fl anked 
galactosidase insert ( 20 ). The pH3700-pL2 plasmid contains a 
human involucrin promoter, which has been shown to direct spe-
cifi c expression of cloned Tg sequences to stratifi ed squamous 
epithelia that are present in the epidermis of skin and a few other 
internal organs, such as the esophagus, forestomach, and tongue 
( 20 ). The fi nal Elovl4 Tg construct was verifi ed by sequencing 
and digested with SalI to release a 5.1-kb Tg sequence (  Fig. 1A  ).  

 Generation of transgenic mice 
 The released 5.1-kb Tg sequence was gel-purifi ed and injected 

into fertilized oocytes from C57Bl/6 mice in the Transgenic 
Technology Center, University of Texas Southwestern Medical 
Center. Derived mice were screened by PCR analysis of tail DNA, 
and three identifi ed founders were bred with 129SvEv mice. Ob-
tained progeny were then crossed with heterozygous Stgd3 mice, 
which were on the 129SvEv background ( 14 ), to obtain both Tg/
heterozygous and Tg/homozygous Stgd3 progeny. Subsequently 
two of these Tg lines (lines A and C) were bred together to gener-
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scribed to be present in neonatal mouse epidermis ( 14 ). The lip-
ids in the band designated as X were also analyzed by MS to 
obtain  m/z  values for its lipid ions. The obtained  m/z  data served 
for reverse phase HPLC/MS and MS collision-induced fragmen-
tation analyses of the lipids of both the band X and total epi-
dermal extracts. The conditions used in HPLC/MS and MS 
collision-induced fragmentation analysis, and assignment of 
chemical formulas for analyzed lipids have been described previ-
ously ( 22 ). 

 Skin permeability barrier assays 
 Both toluidine blue and Lucifer yellow dye assays were used to 

assess skin permeability barrier function in neonatal mice. The 
toluidine blue penetration assay was performed as previously de-

 Thin-layer chromatography of epidermal lipids 
 Excised dorsal skin of neonatal mice was separated into epi-

dermal and dermal fractions. The epidermal samples were then 
homogenized in a chloroform/methanol mixture using a glass 
homogenizer to obtain extractable lipids as we have previously 
described in detail ( 14 ). Lipid extracts were stored under argon 
at  � 20°C until analyzed. Thin-layer chromatography of lipids was 
performed using silica gel 60Å fl exible aluminum plates (What-
man, Inc., Piscataway, NJ). The plates were prewashed with a 
chloroform/methanol mixture, (9:1, vol:vol), air dried, and 
baked at 120°C for 15 min. Extracted epidermal lipids were re-
solved by developing twice in a chloroform/methanol/acetic 
acid mixture (190:9:1, vol:vol:vol) and visualized by spraying with 
an 8% H 3 PO 4  solution containing 10% CuSO 4 , with subsequent 
charring at 120°C for 15 min ( 21 ). Lipid class identifi cation was 
assigned by comparison to commercial lipid standards and/or by 
mass spectrometric (MS) analysis. Standards used were choles-
terol, cholesterol behenate as a cholesterol ester (Nu-Chek Prep, 
Inc., Elysian, MN), and N-lignoceroyl-D-erythro-sphingosine [Cer 
(C24)] as a ceramide standard (Avanti Polar Lipids, Inc., Alabas-
ter, AL). Quantitative evaluation of the relative levels of lipid 
classes was performed using scanning densitometric analysis (Im-
age Quant) of charred plates using a Typhoon 9410 phospho-
imager (Amersham Biosciences Corporation). Signals for 
acylceramides and X lipids were normalized independently to 
signals for lipids with Rf values similar to the cholesterol and Cer 
(C24) standards. The group of lipid species designated as X, 
which was present in the epidermis of wt but absent in homozy-
gous Stgd3 mice (  Fig. 2  ),  had to be identifi ed by MS fragmenta-
tion analysis since no standard lipids were available. 

 Mass spectrometric analysis of epidermal lipids 
 MS analysis was used to identify two lipid bands designated as 

AC and X. They were present in wt but absent in homozygous 
Stgd3 epidermal lipid extracts when analyzed by thin-layer chro-
matography ( Fig. 2 ). The lipid group in the AC band was ex-
tracted from the plate and shown by atmospheric pressure 
chemical ionization MS analysis in the negative ion mode to have 
identical  m/z  values to the acylceramide lipids we previously de-

  Fig.   1.  Generation of Elovl4 transgenic mice. A: 
Construct used to generate Tg mice. The mouse 
Elovl4 coding sequence, preceded by 20 bps of 
5 ′ -untranslated sequence, was cloned downstream 
of the human involucrine promoter sequence and 
followed by SV40 splice/donor and SV40 polyA tail-
addition sequences. The size of each component is 
shown below the construct schematic. B: Genotyp-
ing of mice by PCR analysis of tail DNA samples. The 
wt Elovl4 and Stgd3 alleles and the Elovl4 transgene 
yield specifi c PCR products of 332, 441, and 204 bps, 
respectively. The assay allows identifi cation of mice 
carrying the transgene on wt Elovl4 (wt/wt), 
heterozygous (Stgd3/wt) or homozygous Stgd3 
(Stgd3/Stgd3) backgrounds. C: Schematic of the 
nuclease protection assay designed for analysis of Tg 
mRNA expression in the skin of neonatal Tg mice. 
Both the probe and predicted protected fragments 
are shown. The assay detected Tg mRNA in all three 
Tg mouse lines as indicated by the presence of a 
protected 249-N riboprobe fragment [D(i): Tg line 
A; D(ii): Tg lines C and D].   

  Fig.   2.  Thin-layer chromatography analysis of epidermal lipids 
from neonatal mice. This lipid analysis shows the presence of acyl-
ceramides (AC) and ( O -linoleoyl)-omega-hydroxy C28-C36 fatty 
acids (X) in neonatal wt Elovl4 mice (wt/wt) and their absence in 
homozygous Stgd3 littermates (St/St). Both lipid groups are restored 
by Elovl4 transgene expression in neonatal Tg/homozygous Stgd3 
mice from all three Tg lines (A. Tg lines A and D; B. Tg line C).   
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mice from Tg line D [Fig 1D(ii)] and at the highest level 
in mice from line A [ Fig. 1D (i)]. 

 Transgene expression restores synthesis of epidermal 
C28-C36 fatty acids in homozygous Stgd3 mice 

 Lipids extracted from the epidermis of neonatal mice 
were analyzed by thin-layer chromatography ( Fig. 2 ). Two 
major lipid groups, designated as AC and X, were detected 
in extracts from the wt epidermis but were missing from 
those isolated from the epidermis of homozygous Stgd3 
mice. The presence of both missing lipid groups was re-
stored to the epidermis of homozygous Stgd3 mice by ex-
pression of the Elovl4 transgene in the skin. Though the 
amounts of both AC and X lipids detected in the epider-
mis of the different Tg lines varied, in all cases, the re-
stored levels were lower than the levels present in wt mice. 
By densitometric analysis of the chromatograms, we esti-
mated that both restored lipid groups were present at ap-
proximately 0.1-0.3 times the levels of these lipids in the wt 
mouse epidermis. 

 On the basis of available knowledge about Elovl4 lipid 
products, we expected that the two lipid groups, both miss-
ing in homozygous Stgd3 mice and restored by Tg Elovl4 
expression, would contain residues of C28-C36 fatty acids. 
This prediction was confi rmed by HPLC/MS analysis. MS 
analysis of lipids extracted from the region of the TLC 
plate designated as AC identifi ed these lipids as acylcer-
amides. These abundant epidermal lipids containing resi-
dues of saturated and monounsaturated C28-C36 fatty 
acids have previously been shown to be depleted from the 
epidermis of both neonatal homozygous Stgd3 ( 14 ) and 
other Elovl4-mutant mice ( 17–19 ). 

 Negative mode MS analyses of the lipids extracted from 
the area of the TLC plate containing the X lipid group 
identifi ed two major compounds of  m/z  757.8 and 783.5. 
To confi rm these data, total lipid extracts from mouse epi-
dermis were analyzed using reverse phase HPLC/MS. Both 
peaks of  m/z  757.8 and 783.5 were present in the epider-
mal extracts from neonatal wt mice but were missing in 
the extracts from homozygous Stgd3 mice (  Fig. 3  ).  MS 
collision-induced fragmentation analysis of the  m/z  757.8 
lipid detected  m/z  279.5 and 495.7 peaks, corresponding 
to the ions of linoleic acid ( m/z  279.1) and hydroxy C32 
fatty acid ( m/z  495.5), respectively (  Fig.4A  ).  Similar analy-
sis of the  m/z  783.5 lipid detected  m/z  279.3 and 521.8 
peaks corresponding to the ions of linoleic acid ( m/z  
279.1) and hydroxy C34 fatty acid ( m/z  521.5), respectively 
( Fig.4B ). On the basis of these results and previous MS 
fragmentation analysis of similar ( O -linoleoyl)-omega-
hydroxy fatty acids of human meibum ( 22 ), the chemical 
structures of  m/z  757.8 and 783.5 lipids were proposed 
to be ( O -linoleoyl)-omega-hydroxy C32 and ( O -linoleoyl)-
omega-hydroxy C34 fatty acids, respectively ( Fig.4C ). 

 In conclusion, thin-layer chromatography and HPLC/
MS analyses have shown that the involucrin-driven Elovl4 
transgene expression restores epidermal synthesis of C28-
C36 fatty acids and their compound lipids, acylceramides 
and ( O -linoleoyl)-omega-hydroxy C28-C36 fatty acids, in 
homozygous Stgd3 mice. The largest amounts of these 

scribed ( 14 ). For the Lucifer yellow assay, neonatal mice within 1 
h of birth were euthanized with sodium pentobarbitol (Euthasol, 
Virbac AH, Fort Worth, TX) and immersed for 1 h at 25°C in 1 
mM Lucifer yellow dye (Sigma-Aldrich) dissolved in phosphate 
buffered saline (PBS). Back skin strips were collected and frozen 
in Tissue-Tek O.C.T. Compound. Tissues were sectioned at 20 
 � m, post fi xed for 30 min in 4% paraformaldehyde in PBS ( 23, 
24 ), washed with PBS, and then nuclei counterstained using TO-
PRO-3 dye (Invitrogen). Sections mounted in Gel Mount (Bio-
media, Foster City, CA) were imaged on an SP2 laser scanning 
confocal microscope (Leica Microsystems, Heidelberg, Ger-
many) using a 63× water objective. Fluorescent imaging with Ar/
ArKr (488 nm) and HeNe (633 nm) lasers was used for excitation 
of the Lucifer yellow dye and the TO-PRO-3, respectively. Emis-
sion collection wavelengths, gain, and offset were optimized for 
the wt/wt epidermal staining. These values were then used for 
imaging sections from all mutant mice analyzed. Images obtained 
from all mouse genotypes were assembled in a single document 
and processed using Photoshop (Adobe, San Jose, CA). 

 Analysis of skin morphology 
 Neonatal mice were euthanized with sodium pentobarbital 

within 1 h of birth, and their back skin was excised and fi xed in 
0.1 M cacodylate buffer containing 2% paraformaldehyde and 
2% glutaraldehyde. Further processing was performed in the 
University Electron Microscopy Core Facility using previously de-
scribed procedures ( 25 ). One- � m skin sections were stained with 
toluidine blue for light microscopy. Seventy-nm sections were im-
aged using a FEI Tecnai G2 Spirit Biotwin electron microscope 
operated at 120 kV. Digital images were captured with a SIS Mo-
rada 11 mpixel side mount CCD. 

 RESULTS 

 Generation of mice that express an Elovl4 transgene in 
the skin 

 An Elovl4 transgene was constructed to selectively target 
expression of mouse wt Elovl4 to the epidermis of Tg mice 
using a human involucrin promoter sequence ( Fig. 1 ). 
The involucrin sequence used has previously been shown 
to direct specifi c expression of cloned Tg sequences to 
stratifi ed squamous epithelia, which are present in the epi-
dermal layer of the skin and in a few internal organs, such 
as the esophagus, forestomach, and tongue ( 20 ). The re-
sulting Elovl4 Tg construct was used to generate three Tg 
founder mice, which were identifi ed by PCR analysis of tail 
DNA samples ( Fig. 1B  presents representative results for 
all possible genotypes). After breeding with wt mice, all 
founders transferred the transgene to their progeny. No 
phenotypic changes were observed in any of the mice ob-
tained from these breedings, suggesting an absence of in-
sertional activation or inactivation events as a consequence 
of the presence of the transgene. Each of the three Tg 
lines (A, C, and D), originally established on the wt Elovl4 
background, was subsequently bred onto heterozygous 
and homozygous Stgd3 backgrounds. 

 The generated Tg mice from all three Tg lines expressed 
Tg mRNA in neonatal skin, in addition to endogenous wt 
Elovl4 and/or Stgd3 mRNAs [ Fig. 1D (i) and (ii)  ]. Tg 
mRNA was expressed at 0.1-0.3 times the level of endoge-
nous Elovl4 mRNA, being present at the lowest level in 
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neonatal homozygous Stgd3 mice ( 14 ). The skin of such 
mice, but not wt mice, stained blue when immersed in a 
toluidine blue solution. The current studies showed that 
this water-soluble dye was also excluded from the skin of 
Tg/homozygous Stgd3 mice (  Fig. 5  ).  These fi ndings sug-
gested that epidermal expression of the Elovl4 transgene 
was able to restore the skin permeability barrier in ho-
mozygous Stgd3 mice. 

 lipids were present in Tg lines A and C, which have also 
been found to contain the highest levels of Tg mRNA in the 
skin. Both these Tg lines were selected for further studies. 

 Transgene expression corrects a defective functioning of 
the skin permeability barrier in homozygous Stgd3 mice 

 Previously, using a toluidine blue penetration assay, we 
have demonstrated a defective skin permeability barrier in 

  Fig.   3.  MS analysis of epidermal X lipids in nega-
tive ion mode. Reverse phase HPLC/MS analysis of 
epidermal lipids detects two ions with  m/z  757.8 and 
783.5, which are present in wt Elovl4 mice (wt/wt) 
but missing from homozygous Stgd3 mice (St/St). 
A: Selected ion monitoring (SIM) chromatogram 
extracted from a total ion chromatogram of epider-
mal lipids shows the presence of  m/z  757.8 and 783.5 
peaks in the wt mice and their absence in the ho-
mozygous Stgd3 mice. B: Averaged mass spectrum 
of the HPLC peak with retention time 2.5 min shown 
in panel A.   

  Fig.   4.  Structural analysis of X lipid species. MS collision-induced ion spectrum generated from the X lipids, (A) 757.8 and (B) 783.5  m/z  
species, in the negative ion mode. C: The proposed chemical structures of the X lipids with  m/z  757.8 and 783.5, as derived from analysis of the 
MS collision-induced fragmentation results, are ( O -linoleoyl)-omega-hydroxy C32 and ( O -linoleoyl)-omega-hydroxy C34 fatty acids, respec-
tively. The exact location and  cis, trans  geometry of the double bonds in the ( O -acyl)-omega-hydroxy-fatty acids have not been determined.   
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ent along the complete extent of the stratum granulosum/
stratum corneum boundary, but were less frequent in the 
epidermis of wt and Tg A /homozygous Stgd3 mice ( Fig. 
7B ). Prominent within the cytosol of homozygous Stgd3 
transition cells were entombed nuclear remnants and 
membrane-bound bodies, possibly including lamellar bod-
ies ( Fig. 7B ). Such entombed bodies were also present in 
the cytosol of corneocytes in outer layers of the stratum 
corneum in both nonTg homozygous Stgd3 and Tg C /
homozygous Stgd3 mice ( Fig. 7C ). While such entombed 
bodies were rare in the corneocyte cytosol of Tg A /homozy-
gous Stgd3 mice, lamellar granule-like, membrane-bound 
vesicles were observed in the interstices of corneocytes 
located a number of cellular layers above the stratum 
granulosum/stratum corneum interphase ( Fig. 7C ). The 
presence of these vesicles suggested that there was still 
some compromise of lamellar body processing, even 
though many morphological abnormalities of homozy-
gous Stgd3 epidermis had been rescued in Tg line A by 
transgene expression. 

 Transgene expression prevents neonatal lethality of 
homozygous Stgd3 mice 

 Homozygous Stgd3 mice have been shown to die within 
1 h   after birth with symptoms of defective skin barrier 
function ( 14 ). In contrast, the Tg/homozygous Stgd3 
mice derived from all three Tg lines remained viable. For 
the fi rst few days of life, these mice were indistinguishable 
from their wt Elovl4 littermates. However, after this initial 
period, the Tg/homozygous Stgd3 mice failed to gain 
weight at the same rate as their wt Elovl4 and heterozygous 
Stgd3 littermates, with or without transgene expression. 
All Tg/homozygous Stgd3 mice died during the fi rst two 
weeks of life, with those from Tg line A, the line with the 
highest levels of restored skin lipids ( Fig. 2 ), living the lon-
gest. These fi ndings, combined with the biochemical, 
morphological, and functional analysis of the skin, led to 
the conclusion that the defective skin permeability barrier 
function is responsible for the death of neonatal homozy-
gous Stgd3 mice. 

 The presence of the same phenotype in Tg/homozy-
gous Stgd3 mice from all three Tg lines suggested a com-
mon origin for the shared pathology, most likely the 
suboptimal levels of Tg expression. To examine this pos-
sibility, we crossbred mice of Tg lines A and C (both on a 
Stgd3/wt background) to obtain Tg A+C  mice that carried 
both Tg insertion events on a homozygous Stgd3 back-
ground. The Tg A+C /homozygous Stgd3 mice generated by 
this strategy lived longer than the Tg/homozygous Stgd3 
mice from either line A or C alone. These animals can live 
for more than one month, although at this age, they are 
still smaller than their wt or heterozygous Stgd3 littermates 
(  Fig. 8  ).  

 Tg A+C /homozygous Stgd3 mice express Stgd3 mRNA but 
neither Tg nor Elovl4 mRNA in the retina 

 Generation of viable Tg A+C /homozygous Stgd3 mice 
has created, for the fi rst time, the opportunity to study how 
the mutation of both Elovl4-alleles affects Elovl4-expressing 

 As a more sensitive assay for barrier function, we also 
examined epidermal penetration of Lucifer yellow, a fl uo-
rescent dye which can subsequently be covalently linked to 
surrounding biomolecules during aldehyde fi xation of tis-
sue ( 23, 24 ). In wt mice (  Fig. 6A  ),  only punctuate staining 
of the stratum corneum outer surface was observed. In 
contrast, in homozygous Stgd3 mice ( Fig. 6B ), the Lucifer 
yellow dye penetrated the full extent of the stratum cor-
neum, with some penetration also seen into interior epi-
dermal strata. In both lines of Tg/homozygous Stgd3 
mice, the strongest dye staining was detected on the outer 
surface of the stratum corneum ( Fig. 6C–E ). Weaker stain-
ing, to different degrees in both Tg lines, was also seen in 
interior parts of the stratum corneum. In Tg line C, some 
skin areas also showed deeper dye penetration to other 
epidermal strata, (compare  Fig. 6C and D ). Staining in 
Tg C  mice on the wt Elovl4 background ( Fig. 6F ), however, 
was similar to that observed for wt epidermis. This suggests 
no adverse consequence of transgene expression on epi-
dermal barrier function. These fi ndings confi rmed the 
previous results of the toluidine blue penetration assay 
that Elovl4 transgene expression restores, although not 
completely, the epidermal permeability barrier in both 
Tg/homozygous Stgd3 mouse lines. 

 Transgene expression corrects pathological changes in 
skin morphology of homozygous Stgd3 mice 

 Light microscopic analysis of skin fi xed with 2% para-
formaldehyde and 2% glutaraldehyde showed a loose bas-
ket weave-like structure of the stratum corneum in wt mice 
(  Fig. 7A  ).  On the contrary, in homozygous Stgd3 mice, the 
stratum corneum was compact with compressed corneo-
cyte leafl ets. Epidermal morphology in the Tg/homozy-
gous Stgd3 mice was intermediate between these two 
extremes. Tg line A, the line with the greater restoration 
of lipid levels, showed the highest degree of recovery to-
ward the loose leafl et structure of wt epidermis. 

 Further structural examination using electron micros-
copy detected interdigitation of stratum corneum corneo-
cytes in homozygous Stgd3 mice to an extent not seen in 
the wt or Tg/homozygous Stgd3 mice ( Fig. 7B ). In addi-
tion, in homozygous Stgd3 mice, transition cells were pres-

  Fig.   5.  Epidermal expression of the Elovl4 transgene restores 
skin permeability barrier function in homozygous Stgd3 mice. 
Toludine blue penetrated and stained the skin of euthanized neo-
natal homozygous Stgd3 mice (St/St), but not wt Elovl4 (wt/wt), 
heterozygous Stgd3 (St/wt), or Tg/homozygous Stgd3 (Tg St/St) 
mice (Tg A  mouse shown).   
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 To test this, we analyzed the retinas of three-week-old 
Tg A+C /homozygous Stgd3 mice for the presence of Elovl4, 
Stgd3, and Tg mRNA expression. Consistent with the use 
of the involucrin promoter to drive transgene expression, 
Tg mRNA was detected in the skin but not in the retinas of 
Tg A+C /homozygous Stgd3 mice (  Fig. 9  ).  In addition, as ex-
pected, these animals showed expression of Stgd3 mRNA 
but not Elovl4 mRNA in their retinas. Further retinal anal-
ysis showed that the absence of wt Elovl4 and Tg mRNAs 
from the retinas of Tg A+C /homozygous Stgd3 mice was in-
deed associated with an expected complete lack of C28-
C36 acyl PCs, the lipid products of the Elovl4 pathway (W. 
Kedzierski, unpublished observations). 

tissues of adult mice. The mature retina of wt mice con-
tains high levels of both Elovl4 mRNA and polyunsatu-
rated C28-C36 fatty acids present as acyl residues in PCs 
( 13, 14 ). In heterozygous Stgd3 mice, the retina ex-
presses equal amounts of Stgd3 and Elovl4 mRNAs, each 
present at 50% of the Elovl4 mRNA level in wt mice. The 
reduced Elovl4 mRNA level in heterozygous Stgd3 mice 
is accompanied by a selective, approximately 50% reduc-
tion   of retinal C28-C36 acyl PC amounts ( 13 ). This sug-
gested that Tg A+C /homozygous Stgd3 mice should 
completely lack Elovl4 mRNA and C28-C36 fatty acids in 
the retina and other nonsquamous epithelium-containing 
tissues. 

  Fig.   6.  Scanning confocal microscopy analysis showed Lucifer yellow staining (fl uorescent signal assigned to the green channel) on the 
outer surface of the epidermal stratum corneum in euthanized neonatal mice of all studied genotypes. A: Staining of wt/wt epidermis. B: 
In homozygous Stgd3 mice (St/St), the dye also penetrated and stained the full extent of the stratum corneum, with some penetration to 
lower epidermal strata. Compared with the homozygous Stgd3 mice, staining of the interior of the stratum corneum was much weaker in 
both Tg/homozygous Stgd3 mouse lines. In Tg line C (C and D: TgC St/St), the dye showed a variable level of penetration and more stain-
ing of interior stratum corneum than that observed in Tg line A (E: TgA St/St). F: Staining in a homozygous wt mouse carrying the Tg C  
transgene (TgC wt/wt). All sections were counterstained with the nuclear TO-PRO-3 stain (signal in red). Scale bar = 30  � m.   
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which has been shown to participate in synthesis of unusu-
ally long chain C28-C36 fatty acids ( 12–14, 17–19 ). Such 
fatty acids have been found in a few selected tissues, such as 
skin, brain, retina, meibomian gland, and testis ( 15 ). In 
these tissues, C28-C36 fatty acids occur as saturated, mono-
unsaturated, or polyunsaturated acyl residues in unique, 
tissue-specifi c compound lipids. Studies in Elovl4-mutant 
mice have already established that C28-C36 fatty acids are 
needed for the general well-being of mice ( 13, 14, 17–19 ). 
The present-day challenge is to determine the specifi c phys-
iological roles these lipids play in Elovl4-expressing tissues. 

 In conclusion, epidermal expression of the Elovl4 trans-
gene rescues the neonatal lethality of homozygous Stgd3 
mice. This approach generates a unique model system to 
study how the complete absence of C28-C36 fatty acid synthe-
sis affects physiology of the retina and other nonskin tissues. 

 DISCUSSION 

 Mammals are known to express seven elongases that cata-
lyze the addition of two carbon units to fatty acids contain-
ing 16 or more carbon atoms ( 5 ). Elovl4 is the elongase 

  Fig.   7.  Epidermal expression of the Elovl4 transgene rescues structural changes in the skin of neonatal 
homozygous Stgd3 mice. A: Light microscopic analysis shows a stack of loose layers present in the stratum 
corneum (SC) of wt mice (wt/wt) and in the outer stratum corneum in Tg/homozygous Stgd3 mice of both 
lines (Tg A    St/St and Tg C  St/St). In the homozygous Stgd3 mice (St/St), the stratum corneum forms a uni-
form, compact structure. No gross changes are observed in the stratum granulosum (SG), stratum spinosum 
(SP), or stratum basale (SB) among different mouse genotypes. Scale bar = 20  � m. B: Electron microscopic 
analysis of stratum corneum in homozygous Stgd3 mice detects extensive interdigitation of corneocytes 
(shown by dashed arrow), a feature not seen in wt or Tg homozygous Stgd3 mice. In addition, the homozy-
gous Stgd3 mice contain transition cells along the complete extent of the boundary between the stratum 
granulosum and stratum corneum (shown by open arrows). These cells are also abundant in Tg C  mice but 
scarce in wt and Tg A  mice. In nonTg/homozygous Stgd3 mice, the transition cells contain prominent undi-
gested cellular contents, including nuclei (shown by asterisk). Scale bars = 2  � m. C: Electron microscopic 
analysis detects cellular debris (shown by asterisks) still retained within corneocytes in outer layers of the 
stratum corneum in homozygous Stgd3 mice (i) and, to a lesser degree, in Tg C  mice (ii). Although corneo-
cyte cytosolic debris is less evident in Tg A  mice (iii), the lamellar body maturation is still delayed. It is evident 
by the membranous vesicles (shown by open arrows) present between corneocytes a number of layers above 
the stratum corneum/stratum granulosum junction. Scale bars (i) = 0.5, (ii) = 0.2, and (iii) = 0.2  � m.   
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cholesterol, free fatty acids and ceramides. In mice, cer-
amide synthesis has been shown to be essential for the de-
velopment and integrity of the epidermal permeability 
barrier ( 21, 32 ). 

 In our generated homozygous Stgd3 mice, two abun-
dant lipid groups of wt mouse epidermis were completely 
missing ( Fig. 2 ). Previously, we identifi ed one of these 
groups as acylceramides, lipids which contain residues of 
saturated and monounsaturated C28-C36 fatty acids ( 14 ). 
The second missing lipid group was identifi ed in this study 
as ( O -linoleoyl)-omega-hydroxy C32-C34 fatty acids. The 
existence of such lipids in human epidermis has previously 
been proposed based on studies involving lipid hydrolysis 
followed by component analysis ( 33 ). Although these lip-
ids appear to be abundant, their function and origin in 
the epidermis remain unknown. It does seem, however, 
very likely that this lipid group shares some synthetic reac-
tions with acylceramides, compound lipids which contain 
residues of ( O -acyl)-omega-hydroxy C28-C36 fatty acids. 
This issue requires further studies since only key steps of 
the acylceramide biosynthetic pathway have been estab-
lished ( 29, 31, 34 ). What our research does show, however, 
is that the biosynthetic pathways of both epidermal lipid 
groups depended on the Elovl4-mediated synthesis of C28-
C36 fatty acids. 

 In addition to the restored synthesis of epidermal C28-
C36 fatty acids, our studies demonstrate that Elovl4 trans-
gene expression corrects the key pathologic features of 
nonTg homozygous Stgd3 mice: defective skin barrier 
function, abnormal epidermal morphology, and neonatal 
lethality. The Tg-mediated rescue of homozygous Stgd3 
skin pathology is not, however, complete. First, in all Tg 
mouse lines, the skin level of Tg mRNA is much lower than 
the amount of endogenous Elovl4 mRNA ( Fig. 1 ). This 
leads to reduced levels of epidermal C28-C36 acyl lipids in 
Tg/homozygous Stgd3 mice compared with that in the wt 
mice ( Fig. 2 ). Second, the Lucifer yellow dye penetration 
assay detects some fl aws in the epidermal permeability bar-
rier, especially in the low-expressing Tg C  mouse line ( Fig. 
6 ). Finally, microscopic analysis of neonatal skin in Tg/
homozygous Stgd3 mice shows a stratum corneum mor-
phology which is intermediate between the loose basket 
weave-like structure seen in wt mice and the compact layer 
structure observed in homozygous Stgd3 mice ( Fig. 7 ). 
Corneocytes in the outer stratum corneum layers of Tg/
homozygous Stgd3 mice still retain cytosol-entombed, 
membrane-bounded bodies. In addition, lamellar body-
like vesicles were noted in the interstices of corneocytes a 
number of layers above the stratum granulosum/stratum 
corneum boundary ( Fig. 7 ). The presence of these bodies 
and vesicles, very rarely seen in wt stratum corneum layers, 
suggests that though certain morphological abnormalities 
have been rescued in Tg mouse lines, there is still some 
compromise of lamellar body processing. Future studies 
will be required to more fully characterize the nature of 
these morphological changes in Tg mouse lines differing 
in their levels of transgene expression. However, our cur-
rent analyses of skin Tg mRNA, C28-C36 acyl lipids, mor-
phology, and permeability barrier function all support the 

 In this report, we demonstrate that the synthesis of C28-
C36 fatty acids in the epidermis is absolutely required for 
mice to be viable beyond the neonatal period. Homozy-
gous mutant mice that carry Stgd3, or other Elovl4 muta-
tions, die within a few h after birth ( 14, 17–19 ). A common 
feature in all these mice is the malformation of the stra-
tum corneum, the outermost epidermal layer of the skin. 
Our current studies demonstrate that the neonatal lethal-
ity of homozygous Stgd3 mice is prevented by the expres-
sion of the wt Elovl4 transgene driven by the human 
involucrin promoter sequence ( Fig. 1 ). This promoter di-
rects transgene expression to stratifi ed squamous epithelia 
which are present in the epidermal layer of the skin and in 
a few internal organs, such as the esophagus, forestomach, 
and tongue ( 20 ). This same involucrin promoter sequence 
has previously been used successfully to drive epidermal 
expression of different transgenes in several groups of 
transgenic mice ( 20, 26, 27 ). 

 Our previous studies in homozygous Stgd3 mice estab-
lished that these animals had a defective skin barrier func-
tion. However, whether the neonatal lethality in these 
mice was a sole consequence of absence of skin barrier 
function, or involved contributions from adverse responses 
to the absence of Elovl4 lipids in other tissues was un-
known. The demonstration that expression of the epidermal-
targeted Elovl4 transgene rescued both the skin barrier 
function and animal viability establishes that the neona-
tal lethality of homozygous Stgd3 mice is indeed caused by 
the defect in the skin permeability barrier. In land-
dwelling animals, the skin permeability barrier prevents 
dehydration and electrolyte disturbances. This barrier is 
formed late in embryogenesis by tight junctions within 
the stratum granulosum and by layers of corneocytes 
embedded in a matrix of extracellular lipid lamellae ( 28–
31 ). The main components of the lipid matrix are 

  Fig.   8.  One-month-old Tg A+C /homozygous Stgd3 male eating 
mouse chow (top of picture). The mouse is smaller than his Tg 
(not shown) and nonTg/heterozygous Stgd3 male littermate (bot-
tom of picture).   
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fatty acids in the retina, as well as in many other Elovl4-
expressing tissues. 

 Tg A+C /homozygous Stgd3 mice are smaller compared 
with their wt or heterozygous Stgd3 littermates, either Tg 
or nonTg. In addition to the still compromised skin bar-
rier function, it is also possible that some other physio-
logical changes induced by the absence of endogenous 
C28-C36 fatty acid synthesis may contribute to the observed 
pathology. At 3-4 weeks of age, these animals are smaller 
by about 40%. Also at this age, smaller and weaker mice 
quite often die. However, the majority of mutant mice sur-
vive this critical period of transition from mother’s milk to 
a solid diet. Surviving mice continue to gain weight, espe-
cially when kept on a high-fat diet. The Tg A+C /homozy-
gous Stgd3 mice can live for at least 2-3 months, an age at 
which they have mature retinas and other organs suitable 
for research. 

 In the future, our studies in Tg/homozygous Stgd3 mice 
can be supplemented by studies in mice with Cre-mediated, 
tissue-specifi c Elovl4 gene knockouts. Generation of the 
latter mice has already been undertaken by the High 
Throughput Gene Targeting Group at the European Con-
ditional Mouse Mutagenesis Program (http://www.eucomm.
org/links/). We feel strongly that studies using mice from 
both model systems will complement each other by cre-
ating slightly different research opportunities which will 

conclusion that the epidermal expression of the Elovl4 
transgene is responsible for the rescue of the neonatal le-
thality of homozygous Stgd3 mice. Further proof is pro-
vided by the observation of the longer survival of Tg A+C /
homozygous Stgd3 mice relative to the mono-Tg, either 
Tg A  or Tg C , mice. 

 In conclusion, our approach generates viable Tg/
homozygous Stgd3 mice lacking C28-C36 fatty acid synthe-
sis in tissues which do not express the Elovl4 transgene. Of 
particular interest in this regard is the potential use of 
these mice in studies to defi ne the function of C28-C36 
acyl PCs in mature retinal physiology. Prior to such studies 
it is necessary, however, to establish absence of Elovl4 
transgene expression in the retina. 

 In Tg A+C /homozygous Stgd3 mice, mature retinas ex-
press Stgd3 mRNA but neither wt Elovl4 mRNA nor Tg 
mRNA ( Fig. 9 ). In addition, our recent studies show that 
retinal C28-C36 acyl PCs are totally missing in these mice, 
which is consistent with the lack of wt Elovl4 mRNA ex-
pression (W. Kedzierski, unpublished observations). The 
absence of C28-C36 acyl PCs also suggests no retinal up-
take of any C28-C36 fatty acids potentially secreted to the 
circulation from transgene-expressing tissues. Therefore, 
the generated Tg A+C /homozygous Stgd3 mice can now be 
used to determine the biological functions of C28-C36 

  Fig.   9.  Elovl4 Tg mRNA is not expressed in the retina. Nuclease protection assay for wt Elovl4, Stgd3, and 
Tg mRNAs. A: The skin of three-week-old Tg mice expresses Tg mRNA in addition to wt Elovl4 mRNA and/
or Stgd3 mRNA. The eyecups of three-week-old Tg A+C /homozygous Stgd3 mice (Tg St/St) express Stgd3 
mRNA but neither wt Elovl4 mRNA nor Tg mRNA. In this assay, wt Elovl4 mRNA protects a 342-N fragment 
of the 414-N riboprobe, Tg mRNA protects a 287-N fragment, and Stgd3 mRNA protects two fragments of 
230 and 107 Ns, as shown in schematic form in B.   
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successfully  a ) identify the physiological functions of C28-
C36 acyl lipids in Elovl4-expressing tissues,  b ) determine 
the pathogenic mechanism of Stargardt-3 disease, and  c ) 
help in the design of potential treatments for this human 
macular pathology.  
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