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he fatty acid transport protein family is a group of
evolutionarily conserved proteins that are involved in
the cellular uptake and metabolism of long and very

long chain fatty acids. However, little is known about their
respective physiological roles. To analyze the functional
significance of fatty acid transport protein 4 (Fatp4,
Slc27a4), we generated mice with a targeted disruption of
the 

 

Fatp4

 

 gene. 

 

Fatp4

 

-null mice displayed features of a
neonatally lethal restrictive dermopathy. Their skin was
characterized by hyperproliferative hyperkeratosis with a
disturbed epidermal barrier, a flat dermal–epidermal junction,

T

 

a reduced number of pilo-sebaceous structures, and a
compact dermis. The rigid skin consistency resulted in an
altered body shape with facial dysmorphia, generalized
joint flexion contractures, and impaired movement including
suckling and breathing deficiencies. Lipid analysis demon-
strated a disturbed fatty acid composition of epidermal
ceramides, in particular a decrease in the C26:0 and C26:
0-OH fatty acid substitutes. These findings reveal a previously
unknown, essential function of Fatp4 in the formation of
the epidermal barrier.

 

Introduction

 

The mechanism of cellular fatty acid uptake has so far remained
poorly understood. The passive diffusion theory is counter-
parted by the concept of a carrier-mediated uptake process.
It presently appears that both pathways may operate in
conjunction with one another in a complex lipid transport
mechanism involving both extra- and intracellular acceptor
molecules (Stremmel et al., 2001).

The family of fatty acid transport proteins (Fatp)* is of
particular interest in the overall process of cellular fatty acid
uptake. The first member was identified as part of an expression
screen for the cellular enrichment of a fluorescent long chain
fatty acid analogue (Schaffer and Lodish, 1994). Two proteins
were identified, one of which was the murine homologue of
the known rat long chain fatty acid acyl-CoA synthetase,
and the other a previously unknown component, and thus
referred to as Fatp. Fatty acid uptake studies with cultured
murine 3T3-L1 cells stably transfected with 

 

Fatp

 

 have revealed
a three- to fourfold increase in [

 

14

 

C]oleic acid uptake when
compared with control cells (Schaffer and Lodish, 1994). To
date, six members of this family have been described (Hirsch
et al., 1998; Gimeno et al., 2003).

A detailed analysis of the membrane topology of Fatp1 has
revealed one transmembrane domain and multiple membrane-
associated domains peripherally associated with the inner
leaflet of the plasma membrane (Lewis et al., 2001). There
are two large stretches of nonmembrane-associated amino
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acid residues oriented toward the cytosol, one of them carry-
ing a highly conserved AMP-binding motif. Only a very
short segment of the amino terminus faces the extracellular
side of the membrane bilayer.

Specific binding sites for fatty acids within the Fatp struc-
ture have not yet been identified. Several reports have dem-
onstrated acyl-CoA synthetase activity of Fatp1, 2, 4, and 5
for various lipid compounds, fatty acids in particular; of spe-
cial interest here is the preference for the activation of very
long chain fatty acids, as demonstrated for Fatp1, 2, and 4
(Berger et al., 1998; Coe et al., 1999; Steinberg et al., 1999;
Herrmann et al., 2001). How the activation to acyl-CoA is
related to cellular fatty acid uptake is currently unclear. Be-
cause it has been identified as the major intestinal Fatp and
localized to the apical side of enterocytes (Stahl et al., 1999),
we have focused our interest on Fatp4. In previous works,
we detected 

 

Fatp4

 

 mRNA in the small intestine, brain, kid-
ney, liver, skin, and heart (Herrmann et al., 2001).

To evaluate the impact of Fatp4 on fatty acid transport,
Stahl et al. (1999) performed 

 

Fatp4

 

-targeted antisense oligo-
nucleotide experiments in isolated enterocytes and could
verify a 50% inhibition of oleate and palmitate uptake after
incubation with 

 

Fatp4

 

 antisense oligonucleotides. To fur-
ther elucidate the physiological role of this protein in the
complex mammalian organism, we have generated a mouse
line with a targeted 

 

Fatp4

 

 disruption. Examination of the re-
sulting phenotype has revealed an unexpected essential role
of Fatp4 in the epidermis.

 

Results

 

Generation of 

 

Fatp4

 

 mutant mice

 

The targeting strategy used for the generation of 

 

Fatp4

 

 mu-
tant mice is shown in Fig. 1 A. A gene trap vector was inte-
grated into intron 2 of the 

 

Fatp4

 

 gene. The targeting vector
included a 7172-bp cassette containing a splice acceptor
(SA), an internal ribosome entry site (IRES), a 

 

lacZ

 

 reporter
gene, a neomycin resistance gene, and a poly(A)

 

�

 

 signal to
terminate the transcription. To enable the subsequent gener-
ation of conditional 

 

Fatp4

 

 

 

�

 

/

 

�

 

 mice, this cassette was
flanked by FLP recombinase target (FRT) sites, followed by
loxP sites on either side of exon 3.

Southern blot and PCR analysis were used to identify ho-
mologous recombinants and to follow the 

 

Fatp4

 

 mutant al-
leles during the generation of the two mouse lines F12K and
F13K derived from two separate embryonic stem cell clones
(Fig. 1, B and C). Northern blot analysis revealed strong

 

Fatp4

 

 mRNA expression in Fatp4 

 

�

 

/

 

�

 

 intestine, whereas

 

Fatp4

 

 mRNA in 

 

Fatp4

 

 

 

�

 

/

 

�

 

 intestine could not be detected,
indicating a severe loss-of-function allele of 

 

Fatp4

 

 (Fig. 1
D). Using Western blot analyses, we detected Fatp4 in liver
(not depicted), intestine (Fig. 1 E), and skin (Fig. 1 F) of

 

Fatp4 

 

�

 

/

 

�

 

 mice, whereas in the same organs of 

 

Fatp4

 

 

 

�

 

/

 

�

 

mice no Fatp4-specific signal was obtained.
As the mutant allele 

 

Fatp4-K

 

 was generated by integrating
a gene trap vector into the 

 

Fatp4

 

 gene, it would principally
be conceivable that this mutant 

 

Fatp4

 

 allele might not be a
null, but rather a hypomorphic allele. Thus, as a control, we
generated another mutant allele (which we referred to as

 

Fatp4-KO

 

) by crossing mice carrying the 

 

Fatp4-K

 

 allele with

mice transgenic for PGK-Cre (Schwenk et al., 1995). The

 

Fatp4-KO

 

 allele retained the gene trap cassette but lacked
the exon 3 of the 

 

Fatp4

 

 gene (Fig. 1 A). If splicing around
the gene trap cassette occurred, the 

 

Fatp4

 

 allele lacking exon
3 would result in the formation of a stop codon at nucle-
otide position 169–171, rendering the synthesis of a func-
tional Fatp4 protein impossible. Analysis of neonatal mice
homozygous for the 

 

Fatp4-KO

 

 allele revealed morphological
features identical to those observed in homozygous 

 

Fatp4-K

 

mice, thus indicating that the 

 

Fatp4-K

 

 allele was a null allele
and that the gene trap cassette was highly effective.

 

Phenotype of 

 

Fatp4

 

 mutant mice

 

Fatp4

 

 heterozygous mice were phenotypically indistinguish-
able from wild-type mice and reproduced normally. In con-
trast, 

 

Fatp4

 

 

 

�

 

/

 

�

 

 mice died shortly (minutes to a few hours)
after birth. Genotype analysis of 260 newborns from 31 in-
tercrosses demonstrated that the frequencies of born wild-
type, heterozygous, and mutant homozygous mice were

Figure 1. Fatp4 knockout strategy, genotype analysis, and 
verification of absent Fatp4 expression in Fatp4 �/� mice. (A) Fatp4 
locus before (wild-type, Fatp-WT) and after (mutant allele, Fatp-K) 
homologous recombination with the targeting vector insert. Cre 
recombinase converts the allele Fatp4-K to the allele Fatp4-KO, 
which lacks exon 3. LoxP sites are depicted as open triangles, FRT 
sites as open rectangles. (B) Southern analysis of the Fatp4 locus. 
Fatp4 �/�, �/�, and �/� DNA was digested with ScaI, subjected 
to gel electrophoresis, and transferred to a nylon membrane. The 
filter was hybridized with a Fatp4 5� probe, washed, and exposed to 
film. (C) PCR genotype analysis of tail DNA. An ethidium bromide–
stained agarose gel containing amplification products from Fatp4 �/�, 
�/�, and �/� mice is shown. The primer combination mmF4-In2f/
mmF4-pUX4r detects the mutant allele (K), the primer combination 
mmF4-In2f/mmF4-wtIn3r the wild-type allele (WT). (D) Northern 
blot analysis of Fatp4 ��� and Fatp4 ��� RNA from total intestine 
using a specific Fatp4 cDNA probe and a �-actin control probe, 
respectively. The respective probe is noted on the right, the genotype 
is marked above the lanes. (E and F) Immunoblot of Fatp4 and �-actin 
in total intestine (E) and skin (F) homogenates. Tissue homogenates 
were prepared from Fatp4 �/�, Fatp4 �/�, and Fatp4 �/� mice, 
subjected to SDS/PAGE, and blotted. The respective antibody is 
noted on the right, the genotype is marked above the lanes. The 
Fatp4 peptide sequence recognized by the antibody is APKHLPSHP-
DKGFTD (aa 225–239 of the Fatp4 protein), which is encoded by a 
nucleotide sequence in exons 4 and 5. The data are representative 
of three separate experiments.
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Mendelian (Table I). These results demonstrate that there is
no pronounced embryonic or fetal lethal phenotype associ-
ated with the 

 

Fatp4

 

 mutant allele. No phenotypical differ-
ences of 

 

Fatp4 

 

�

 

/

 

�

 

 mice were observed before embryonic
day 16.5. As heterozygotes appear indistinguishable from
wild-type littermates, the insertion of additional sequences
from the targeting construct at the 

 

Fatp4

 

 locus is apparently
not associated with a dominant phenotype.

At birth, 

 

Fatp4 �/� progeny revealed a significantly
lower body weight (Table I) and had a markedly abnormal
appearance with facial dysmorphia and a compressed, rigid
torso with thickened skin extending over and covering the
proximal extremities, the joints of which were fixed in flex-
ion contracture (Fig. 2, A–C). The skin layer appeared to be
too small for size of the body. This disproportion between
the body content and the surrounding skin led to a charac-
teristic protrusion of the tongue in all neonatal Fatp4 �/�
mice and to an abdominal hernia with intestinal protrusion
in 16% of the animals. Due to the remarkable appearance of
the Fatp4 �/� pups when compared with heterozygous and
wild-type littermates, their skeletons were fixed and exam-
ined after staining with Alcian blue and Alizarin red S. How-
ever, no significant anomalies of either cartilage or bones
were observed (Fig. 2 D). At birth, the skin of Fatp4 �/�
mice appeared thickened and exhibited a taut, scaly, wrin-
kle-free surface with an overall waxy appearance. Within this
rigid armor of skin, body movements of the pups were
highly restricted; they could move only very slowly and were
not able to breathe or suckle normally.

The stratum corneum of the Fatp4 �/� progeny was
considerably thicker than that of normal epidermis. In con-
trast to the multilayer stratum corneum of wild-type mice,
the corneal layer of the null variant appeared as a hyper-
keratotic, homogeneous, eosinophilic mass. The corneal lay-
ers appeared to be plastered together and failed to shed.
The stratum granulosum demonstrated significantly smaller
keratohyalin granules. Finally, the stratum spinosum was
characterized by an increased number of cell layers, and the
dermo–epidermal junction was flat and showed a lack of rete
pegs (Fig. 3 A). In comparison with the dermis of Fatp4 ���
control littermates, the dermis of Fatp4 ��� mice appeared
condensed with compact collagen fibers (Fig. 3 B). The pilo-
sebaceous structures were significantly reduced in number
and appeared less developed (not depicted). No significant
difference in regard to the fatty tissue in the hypodermis
could be detected between Fatp4 ��� mice and wild-type
littermates.

EM confirmed the light microscopic findings, in particu-
lar, the significantly smaller size of the keratohyalin granules

in the stratum granulosum of Fatp4 �/� pups (Fig. 3 C).
The intercellular junctions appeared equally distributed
within the stratum spinosum of Fatp4 �/� and Fatp4 �/�
pups. Using ruthenium tetroxide reaction, lamellar bodies
could be detected in the epidermis of both Fatp4 �/� and
Fatp4 �/� mice (not depicted), but a detailed morphomet-
ric analysis was not performed.

The structural changes described pointed to a metabolic
defect originating from within the skin itself. Although in
previous papers the presence of Fatp4 mRNA in skin was
demonstrated (Herrmann et al., 2001), it was unclear in
which cell layer the protein was synthesized. Therefore, we
generated antibodies specific for Fatp4 and performed im-
munofluorescence microscopy of skin samples of wild-type
and Fatp4 �/� mice. With the “standard” protocol, for op-
timal penetration, using Triton X-100 as detergent and pro-
longed application and washing times (see Materials and
methods), the stratum granulosum showed an intense granu-
lar immunostaining in Fatp4 �/� mice, whereas in Fatp4
�/� mice, only an extremely fine and faint granular staining
was detected (unpublished data). As the significance of this
reaction after a somewhat destructive detergent treatment
was not clear, we used alternative protocols designed to mini-

Table I. Numbers and body weights of newborn Fatp4 �/�, Fatp4 
�/�, and Fatp4 �/� mice

Genotype Number of 
newborn mice

Mean body weight 
� SD

(g)

Fatp4 �/� 63 (24.2%) 1.37 � 0.14
Fatp4 �/� 131 (50.4%) 1.40 � 0.14
Fatp4 �/� 66 (25.4%) 1.25 � 0.15***

***, P � 0.001.

Figure 2. Gross analyses of newborn Fatp4 �/� mice and Fatp4 
�/� control littermates. (A–C) Gross morphology of Fatp4 mutant 
neonates. At birth, Fatp4 �/� progeny were smaller and had a 
markedly abnormal appearance with facial dysmorphia, a compressed 
torso, and a taut skin exhibiting a scaly, wrinkle-free surface and 
extending over and covering the proximal extremities, the joints of 
which were fixed in flexion contracture. (D) Alcian blue/Alizarin red 
S staining of wild-type and homozygous mutant skeletons revealed 
no gross morphological differences, neither in bone nor in cartilage. 
The flexion joint contractures persisted after the staining procedure.
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mize losses of membrane material and small cytoplasmic pro-
teins. Remarkably, when using procedures without detergent
addition in any of the fixation and incubation steps (see Ma-
terials and methods), a prominent and specific antibody dec-
oration along the cell borders of the upper layers of the stra-
tum spinosum and the entire stratum granulosum was seen
in wild-type mice (Fig. 3 D and insert therein; arrows), and a
relatively faint cytoplasmic staining was seen in the kerati-
nocytes of the lower stratum spinosum. Both reactions were
markedly reduced in peptide competition experiments (un-
published data). All other controls (see Materials and meth-
ods) were negative, except for a faint staining in the basal cell
layer that was also detectable in the Fatp4 �/� mice (Fig. 3
D), and thus probably due to a nonspecific reaction.

As the skin of the Fatp4-deficient mice showed a hyper-
plastic, hyperkeratotic, and parakeratotic appearance, we in-
vestigated the stage of differentiation of keratinocytes, par-
ticularly the distribution of specific keratins and of proteins
of the cornified envelope. Keratins K5 (unpublished data)
and K 14 (Fig. 4 A) were restricted to the stratum basale of
wild-type skin. The skin of the Fatp4 �/� mice showed a
comparable immunostaining pattern but with an extension
of the labeling to the first suprabasal cells (Fig. 4 A, open ar-
row), indicative for an enhanced cell proliferation in the
Fatp4 �/� skin. A strong keratin K10 staining could be ob-
served in all living suprabasal cell layers (Fig. 4 B), but ap-
peared much broader in the Fatp4 �/� mice. Both the stra-
tum basale and the stratum corneum remained unstained in
both kinds of mice. The immunostaining of keratin K2e was
restricted to only a few cells (unpublished data). The clear
proliferative and reactive character of the Fatp4 �/� epider-
mis was also demonstrable by the intense reaction of keratins
K6 (Fig. 4 C) and K16 (unpublished data): Although the
epidermis of the Fatp4 �/� mice was clearly negative for
both keratins, both K6 and K16 were labeled in Fatp4 �/�
mouse cells in the suprabasal layers, the stratum spinosum,
and in particular, stratum granulosum, including the corni-
fied cells of the stratum corneum. Furthermore, the stage of
cornification of the skin keratinocytes was investigated by
the immunolocalization of loricrin (Fig. 4 D), filaggrin,
periplakin, and transglutaminase 1 (unpublished data). All
of these proteins were seen in their typical localizations in
both the wild-type and the mutant animals, with the only
consistent difference being that the number of cell layers
showing immunostaining was higher in the skin of Fatp4 �/�
mice, indicative of hyperkeratinization. Immunohistochemi-
cal staining of the tight junction proteins occludin, claudin-1,
and protein ZO-1 appeared in their typical wild-type local-
ization (compare Morita et al., 1999; Brandner et al., 2002;
Langbein et al., 2002), i.e., occludin exclusively in the stra-
tum granulosum, in the Fatp4 �/� animals sometimes with
an additional layer (Fig. 4 E), whereas claudin-1 and protein
ZO-1 could also be detected at the cell margins of cells of
the lower strata (unpublished data; Morita et al., 1999;
Brandner et al., 2002; Langbein et al., 2002).

To examine whether the observed abnormal skin structure
might also be associated with an impaired skin barrier func-
tion, several techniques were applied. The fluorescent dye
Lucifer yellow permeated throughout the entire epidermis in
Fatp4 �/� pups. In contrast, it did not pass through the up-

Figure 3. Skin of newborn Fatp4 �/� mice and Fatp4 �/� control 
littermates. (A) Neonatal dorsal skin stained with hematoxylin and 
eosin. In comparison with control epidermis, Fatp4 �/� epidermis 
exhibits an increased number of cell layers in the stratum spinosum 
and the basal layer, significantly smaller granula in the stratum 
granulosum, and a compact, thickened stratum corneum. Bars, 50 	m. 
(B) Neonatal snout skin stained with Masson’s trichrome. In 
comparison with wild-type dermis, the dermis of Fatp4 �/� mice 
appears condensed with more compact collagen fibers. Bars, 50 
	m. (C) Ultrastructural analysis of epidermis of Fatp4 �/� mice 
and wild-type littermates (osmium tetroxide fixation). In comparison 
with control epidermis, the epidermis of Fatp4 �/� mice is 
characterized by significantly smaller, often irregularly shaped 
granules (arrow) in the stratum granulosum. Bars, 5 	m. (D, top) In 
Fatp4 �/� mice, immunostaining using Fatp4 antiserum shows 
prominent staining along the cell–cell borders (arrows) in upper layers 
of the stratum spinosum and in the stratum granulosum subjacent to 
the stratum corneum (sc), besides a very faint and sparse staining in 
the lower layers of the stratum spinosum. The inset shows a higher 
magnification. In Fatp4 �/� mice, these structures appear negative 
for such a staining pattern. Only a very faint staining is detectable 
in cells of the stratum basale (sb) of both wild-type and Fatp4 �/� 
mice. (Bottom) Phase-contrast images of the same sections. 
Blue: DAPI nuclear staining. Bars, 50 	m.
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per layers of the stratum corneum in wild-type neonatal
mice. (Fig. 5 A). In another set of experiments, it was shown
that 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (X-
gal) penetrated Fatp4 ��� skin, where it was cleaved to pro-
duce a colored precipitate by endogenous �-galactosidase ac-
tivity, whereas the skin of Fatp4 ��� and Fatp4 ��� mice
was impermeable (Fig. 5 B). The transepidermal water loss
(TEWL) of newborn Fatp4 �/� mice (12.4 � 1.2 g/hm2)
was increased by a factor of 9 in comparison with wild-type

(1.4 � 0.35 g/hm2) and heterozygous (1.4 � 0.37 g/hm2) lit-
termates (Fig. 5 C). Thus, we concluded that the abnormal
epidermal structure of Fatp4-deficient mice was accompa-
nied by a severely compromised epidermal barrier function.

Another typical feature associated with the homozygous
mutant genotype was respiratory distress and cyanosis, ac-
companied by a gaping mouth and exaggerated diaphrag-
matic contractions. Histological analysis of the lungs of new-
born Fatp4 �/� mice showed a less than normal extension

Figure 4. Differentiation of neonatal skin of newborn Fatp4 �/� and control Fatp4 �/� mice, as shown by immunofluorescence 
microscopy. (A) Immunofluorescence microscopy of keratin K14 in dorsal skin. In the Fatp4 �/� control mice, K14 is restricted to the stratum 
basale (sb) and in the Fatp4 �/� mice is additionally detected in the first layers of the stratum spinosum (open arrow). (B) With keratin K10 
antibodies, the stratum spinosum and the stratum granulosum (ss�sg) are strongly stained in both wild-type and Fatp4 �/� mice. However, 
note that both layers are thicker in the mutant. (C) Immunostaining of K6 is negative in the Fatp4 �/�, but intense in the upper suprabasal 
layers, including the stratum corneum (sc), of the Fatp4 �/� mice. (D) Loricrin as a typical protein of the cornified envelope is detected in the 
stratum granulosum (sg) and seems to be a bit more prominent in the mutant mice. (E) The presence of occludin in the plasma membranes of 
the stratum granulosum (bracket; sb, stratum basale) is seen in a somewhat broader appearing zone in the mutant mice, indicating an intact 
tight junction barrier in both kinds of mice. To the right of each of the immunofluorescence micrographs are the specific phase-contrast 
images of the same sections. Blue: DAPI nuclear staining. Bars, 50 	m.
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of the alveolae. In addition, the septa were thickened and
hypercellular (Fig. 6 A). There were no differences in alveo-
lar cell type II morphology or intra- and extracellular forms
of pulmonary surfactant (i. e. lamellar bodies and tubular
myelin, respectively) between Fatp4 �/� and Fatp4 �/�
mice (Fig. 6 B). All other organs examined by light micros-
copy appeared normal in Fatp4 �/� mice, including brain,
intestine, liver, kidneys, myocard, thymus, and skeletal mus-
cle (not depicted). No midline defect was detected.

The general capability to move and an adequate reactivity
(e. g. squeaking on excitation) indicated no gross abnormal-
ity of the nervous system. Light and electron microscopy
also revealed no difference between the peripheral nerve
structure of Fatp4 �/� and Fatp4 �/� mice. The ultra-
structure of the myelin sheaths, in particular, appeared nor-
mal in Fatp4 �/� pups (unpublished data).

Lipid metabolism in Fatp4 mutant mice
To evaluate whether or not Fatp4 was required for adipose
cell development, we subjected embryonic fibroblasts from
Fatp4 �/� and Fatp4 �/� embryos to an adipocyte differ-
entiation procedure and verified the results by Oil Red O
staining of the neutral lipids. Hereby, no gross differences
could be detected between Fatp4 �/� and Fatp4 �/� em-

bryonic fibroblasts concerning their differentiation to fat
cells (not depicted).

To examine whether Fatp4 deficiency was accompanied
by changes in the respective lipid composition of phospha-
tidylcholine (PC), sphingomyelin (SPM), phosphatidyl-
ethanolamine (PE), phosphatidylserine (PS), and ceramide
(CER) in the intestine, liver, lung, brain, dermis, and epi-
dermis, electrospray ionization tandem mass spectrometry
(ESI-MS/MS) was performed. Cholesterol (FC), triglycer-
ides (TG), and cholesterylester (CE) were quantified by
TLC (Table II). Tissue homogenates of the intestine, liver,
lung, brain, and dermis showed no significant differences
between Fatp4 �/� and control Fatp4 �/� mice (unpub-
lished data). However, the epidermis of Fatp4 �/� mice re-
vealed a reduced molar content of PC, PE, and CE, whereas
FC and total CERs were increased compared with wild-type
littermates (16 and 81%, respectively; Table II, top). More-
over, detailed analysis of the epidermal CER species profile
demonstrated that Fatp4 �/� mice were characterized by a
significantly lower proportion of very long chain fatty acids
(C26:0 and C26:0-OH) and an increased proportion of
fatty acids with �26 carbon atoms (74 � 2% for Fatp4 �/�
to 36 � 3% for Fatp4 �/�; Table II, bottom). A similar
shift to shorter chain length was observed for the PC and PS
fractions, whereas the species profile of PE and SPM re-
vealed a relative increase of longer fatty acid substitutes (Ta-
ble III). The SPM profile shift was accompanied by a reduc-
tion of the short chain SPM species containing hydroxyl
fatty acids (Fatp4 �/� mice, 28 � 3%; wild-type litter-
mates, 42 � 2%). A further difference in the epidermal lipid
species composition between Fatp4 �/� and Fatp4 �/�

Figure 5. Disturbed epidermal barrier in Fatp4 �/� mice. 
(A) Diffusion of Lucifer yellow in neonatal mice. The fluorescent 
dye Lucifer yellow did not pass the upper layers of the stratum 
corneum in wild-type neonatal mice. In contrast, in Fatp4 �/� pups, 
it permeated the entire epidermis. Bars, 50 	m. (B) Access of X-gal 
to skin of embryonic day 18.5 mice. Fatp4 ��� epidermis is 
impermeable for X-gal. In contrast, X-gal permeates Fatp4 ��� skin, 
where it is cleaved by endogenous �-galactosidase activity to produce 
a colored precipitate. A Fatp4 ��� mouse is shown as a control 
to exclude false-positive staining due to �-galactosidase encoded 
by the lacZ gene of the mutant Fatp4 allele. (C) TEWL of dorsal 
skin, determined in three litters consisting of 10 Fatp4 �/�, 19 
Fatp4 �/�, and 9 Fatp4 �/� pups in total. Error bars depict the 
SEM. ***, P � 0.001.

Figure 6. Lungs of newborn Fatp4 �/� mice and Fatp4 �/� control 
littermates. (A) Severe atelectasis of the lung in Fatp4 mutant mice. 
Fatp4 �/� lungs, stained with hematoxylin/eosin, exhibit a reduced 
extension of the alveolae and an increase in width of the cellular 
alveolar septae. Bars, 100 	m. (B) Ultrastructural analysis of type II 
alveolar cells and alveolar surfactant in Fatp4-deficient mice 
(ruthenium tetroxide fixation). Lung tissue was obtained immediately 
after birth and prepared for EM. Extracellular forms of surfactant, which 
can be detected in both Fatp4 �/� and Fatp4 �/� mice without 
distinction between genotypes, are marked by arrows. Bars, 5 	m.
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mice was an increased content of the unsaturated CER spe-
cies in the absence of Fatp4 (13 � 1% for Fatp4 �/� to
5 � 1% for Fatp4 �/�).

Discussion
It is well established that one stabilizing factor of the epider-
mal barrier is the arrangement of intra- and extracellular lipid
accumulations in the stratum granulosum and the stratum
corneum. Aside from FC and fatty acids, CERs constitute the
specific lamellar structures of these accumulations and serve
as key protectors against environmental offenses and transcu-
taneous water loss. The essential fatty acid linoleic acid is
known to constitute an important component of epidermal
CER 1. Insufficient dietary supply or malabsorption leads to
ichthyosiform dermatitis, which is characterized by an im-
paired epidermal proliferation and differentiation. Pertur-
bance of linoleic acid metabolism may also play a role in the
pathogenesis of such common skin diseases as atopic derma-
titis or psoriasis vulgaris (for review see Wright, 1991). In ad-
dition to epidermal sphingolipid biosynthesis, the processing
of intracellular lipids and the process of their extrusion into
the intercellular space are further essential steps in establish-
ing a functional epidermal lipid barrier. This has also been
seen in various gene knockout mouse models, in which dis-
tinct defects in the metabolic pathways involved in epidermal
barrier formation have been demonstrated. All mice of this
type die within the early neonatal period, and (1) the skin-
specific disruption of the Pig-a gene—an X-linked gene es-
sential for GPI-anchor biosynthesis—reveals a wrinkled and
scaly skin with a tightly packed and thickened epidermal
horny layer. The intercellular space is narrow and contains
many small “vesicles” (Tarutani et al., 1997). In this paper, it
has also been shown that GIP-anchored proteins are involved
in lipid (CER) transport into the extracellular space of the
stratum corneum; (2) mice lacking transglutaminase 1 (kera-
tinocyte transglutaminase) reveal a deficient cross-linking of
cell envelope components, associated with an impaired devel-
opment and maturation of the stratum corneum (Matsuki et

al., 1998); and (3) deletion of the Krueppel-like factor 4
(Klf4) leads to transcriptional up-regulation of specific essen-
tial cornified envelope proteins (Sprr2a, Rptn, Planh2),
thereby altering the structural scaffold on which the lipid
lamellae are organized (Segre et al., 1999).

All of the gene knockout mouse models described so far
have shown a perturbation of the later stages of epidermal
differentiation that are essential in establishing an intact
transport barrier and forming the cornified envelope. More
recently, it has also been shown that in claudin-1–deficient
mice, the epidermal barrier is severely impaired, although
the layer organization of keratinocytes appears normal (Fu-
ruse et al., 2002; for review see Tsuruta et al., 2002). Here,
the normal claudin-based tight junction system (zonula oc-
cludens) appears leaky. Due to the increased skin permeabil-
ity, the animals die within the first postnatal day, thus dem-
onstrating that tight junctions represent another key factor
of the epidermal barrier and liquid retention.

The results of the present paper are obviously important
in the concept that the arrangement of the lipids in the epi-
dermis plays a central role in the tight sealing of the skin.
Apparently, both immunolocalizations of Fatp4 in en-
domembranes and in the plasma membrane, as also shown
in the present paper, would be in good agreement with the
location and function of a fatty acid transporter (compare
with Stahl et al., 1999). A general immunolocalization of
Fatp4 on the apical side of mature enterocytes has been re-
ported by Stahl et al. (1999), whereas a strict membrane as-
sociation has been shown for Fatp1 in transfected mouse
NIH 3T3 and hamster Cos7 cells (Lewis et al., 2001).

The disruption of the Fatp4 gene leads to neonatal mor-
tality in mice, with marked phenotypic alterations, indica-
tive of a vital role of Fatp4 in epidermal development. Fatp4
�/� mice display a significant thickening of the epidermis
with a “too-small-for-size” volume and a more compact der-
mis, accompanied by a smaller number of pilo-sebaceous
structures and a reduced amount of fatty tissue in the hy-
podermis. Consequently, these mice appear to be caught
within their own armor of skin, and general movements

Table II. Lipid composition of Fatp4 �/� and Fatp4 �/� epidermis

Genotype PC SPM PE PS CER FC TG CE

(%) (%) (%) (%) (%) (%) (%) (%)

Fatp4 �/� Mean 22.7 4.20 8.3 7.8 1.35 44.1 2.28 9.2
SD 3.6 0.69 1.2 0.8 0.24 3.3 1.08 2.4

Fatp4 �/� Mean 19.1* 4.21 6.0*** 7.7 2.45*** 51.1** 2.86 6.5*
SD 4.0 0.98 1.1 1.2 0.88 5.4 0.52 3.0

Ceramide

Genotype C16:0 C18:1 C18:0 C20:0 C22:0 C24:1 C24:0 C26:0 C26:0-OH Sat. Unsat. �C26 
C26

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Fatp4 �/� Mean 7.0 1.1 1.3 1.2 2.8 3.1 17.8 44.8 19.1 95 5 36 64
SD 1.0 0.1 0.2 0.2 0.3 0.4 0.7 2.0 1.3 1 1 3 3

Fatp4 �/� Mean 9.6*** 1.7* 3.9*** 2.7*** 6.4*** 9.8*** 36.7*** 13.5*** 12.5*** 87*** 13*** 74*** 26***
SD 0.7 0.6 0.7 0.3 0.5 0.5 2.7 2.1 0.6 1 1 2 2

The lipid composition of epidermis is presented as mol percentages for PC, SPM, PE, PS, and CER (quantified by ESI-MS/MS), and for FC, TG, and CE (analyzed
by TLC; top). The mol percentages of the saturated and unsaturated lipid species as well as the proportion of species above and below a certain number of
carbon atoms in the fatty acid moiety are calculated for CER (bottom). The displayed values are mean � SD of each 12 Fatp4 �/� and 12 Fatp4 �/� mice
analyzed in two independent experiments. Significantly different Fatp4 �/� versus Fatp4 �/�: *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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seem difficult. Moreover, in some of the Fatp4 �/� pups,
the intraabdominal pressure resulting from the embryonal
development of the internal organs apparently forces the in-
testine to herniate out of the abdominal cavity. The rigid
skin consistency most likely also contributes to the mechani-
cal incapability of the lungs to ventilate sufficiently. Mor-
phologically, this is accompanied by hyperproliferation of al-
veolar septae. Although the lung lipid composition and the
formation of lamellar bodies by type II alveolar cells appear
normal, we cannot definitively exclude a more subtle lipid
disturbance as an explanation for the observed respiratory
failure. Clearly, before death the animals experience respira-
tory distress and cyanosis. Another possible lethal factor
might be progressive dehydration due to an impairment of
the skin barrier function.

The phenotype described here resembles the human lethal
tight skin contracture syndrome (synonymously described as
hyperkeratosis-contracture syndrome, lethal restrictive der-
mopathy, fetal hypokinesia sequence due to restrictive der-

mopathy; MIM 275210; Holbrook et al., 1987; Sergi et al.,
2001). Both in human restrictive dermopathy and in Fatp4
��� mice, the dermal–epidermal junction was remarkably
flat and the pilo-sebaceous structures were significantly re-
duced in number and were underdeveloped. The dermis of
Fatp4 ��� mice appeared compact, comparable to the find-
ing in the infant with restrictive dermopathy described by
Sergi et al. (2001). In parallel to this case, but in contrast to
the infants described by Holbrook et al. (1987), the amount
of subcutaneous fat in Fatp4 ��� mice was not increased. It
is unclear whether this difference is a consequence of differ-
ent pathogenetic mechanisms underlying the reported cases
of human restrictive dermopathy and the disorder observed
in Fatp4 ��� mice, or whether it reflects an unspecific dif-
ference due to variable degrees of maturation. The similarity
between human restrictive dermopathy and the phenotype
of Fatp4 ��� mice remarkably extends to the additional ex-
pression of the genes encoding keratins 6 and 16 in both
species (Holbrook et al., 1987).

The murine Fatp4 gene is localized on chromosome 2
band B, which is syntenic to the human chromosome 9
band q34, the location of the human FATP4 gene. Database
searches for mouse (Mouse Genome Informatics database;
http://www.informatics.jax.org) and man (Online Mende-
lian Inheritance in Man; http://www.ncbi.nlm.nih.gov/
omim) revealed a number of abnormalities associated with
these regions, but no disorder that resembles the phenotype
of our Fatp4 �/� mice. Analysis of cases with lethal restric-
tive dermopathy will reveal whether the human disease is as-
sociated with a mutation in the FATP4 gene.

Another group of inherited human diseases sharing com-
mon features with the phenotype of Fatp4 �/� mice are the
ichthyoses, which are characterized by an excessive amount
of scales on the skin, resembling the scales of a fish. The ich-
thyoses are a complex and variable group of genodermatoses.
They are histologically characterized by a markedly thick-
ened stratum corneum (hyperkeratosis) associated with ei-
ther hypergranulosis or hypogranulosis. In harlequin ichthy-
osis (MIM number 242500), a particularly severe form, the
entire body is covered with thick, horny plaques that are sep-
arated by fissures. The harlequin ichthyosis mouse mutation
described by Sundberg et al. (1997) leads to thick skin due
to formation of compact scales, histologically characterized
by massive hyperplasia of the interfollicular epidermis and
root sheaths of follicles. Homozygous mutant mice die be-
tween 9 and 12 d of age, but are not distinguishable from
healthy littermates until 5 d of age, the time when hair fibers
emerge from follicles. Thus, both the morphology of these
mice and the time of onset of the alterations differ consider-
ably from the phenotype of Fatp4 �/� mice. However, a
possible relation between the phenotype of Fatp4 �/� mice
and human epidermal abnormalities other than restrictive
dermopathy cannot be excluded, particularly because the
correlation between genotype and phenotype can differ sig-
nificantly between the two species mouse and man.

During mouse development, maturation of the epidermis
as a keratinized stratified squamous epithelium begins at em-
bryonic day 15 (Byrne et al., 1994). The unique appearance
and the histological features of the Fatp4 �/� pups have
not been detected before embryonic day 16.5. Due to the re-

Table III. Epidermal lipid analysis of Fatp4 �/� and Fatp4 �/� 
mice by ESI-MS/MS

Phosphatidylcholine

Genotype Sat. Unsat. �C40 
C40

(%) (%) (%) (%)

Fatp4 �/� Mean 14 86 86 14
SD 1 1 1 1

Fatp4 �/� Mean  18*** 82*** 91*** 9***
SD 1 1 2 2

Phosphatidylethanolamine

Genotype Sat. Unsat. �C38 
C38

(%) (%) (%) (%)

Fatp4 �/� Mean 3.6 96 85 15
SD 0.2 0 2 2

Fatp4 �/� Mean 4.4 96 79** 21**
SD 0.6 1 4 4

Phosphatidylserine

Genotype Sat. Unsat. �C42 
C42

(%) (%) (%) (%)

Fatp4 �/� Mean 5.1 95 79 21
SD 0.5 0 2 2

Fatp4 �/� Mean 5.4 95 86*** 14***
SD 1.0 1 1 1

Sphingomyelin

Genotype Sat. Unsat. �C22 
C22

(%) (%) (%) (%)

Fatp4 �/� Mean 91 8.8 76 24
SD 1 0.9 2 2

Fatp4 �/� Mean 90 9.5 65*** 35***
SD 0 0.5 2 2

The percentage of saturated and unsaturated lipid species as well as the
proportion of species above and below a certain number of carbon atoms
in the fatty acid moiety are calculated for PC, PE, PS, and SPM. The
displayed values are mean � SD of each 12 Fatp4 �/� and 12 Fatp4 �/�
mice analyzed in two independent experiments. Significantly different
Fatp4 �/� versus Fatp4 �/�: **, P � 0.01; ***, P � 0.001.



Th
e 

Jo
ur

na
l o

f C
el

l B
io

lo
gy

Lethal restrictive dermopathy in Fatp4 �/� mice | Herrmann et al. 1113

strictive dermopathy, the overall size and weight of Fatp4 �/�
mice are reduced, compatible with late intrauterine growth
retardation.

As the neurological status of Fatp4 �/� mice has not
been affected and all other organs have appeared morpho-
logically normal, even tissues known for a constitutively
high concentration of Fatp4 such as intestine, heart, liver,
adipose tissue, and brain, we conclude that the skin is the fo-
cus of the metabolic and lethal disorder observed in neonatal
Fatp4 �/� mice. More specifically, it seems to be the lack
of Fatp4 in the stratum spinosum and stratum granulosum
that leads to the observed phenotype, accompanied by hy-
perproliferation of keratinocytes and hyperkeratosis.

Because the defective mutant phenotype described here
shows similarities with disorders of epidermal lipid metabo-
lism (Elias and Brown, 1978; Schmuth et al., 2000), the
lipid composition of the epidermis of Fapt4 �/� and wild-
type mice has been carefully compared. Together with free
fatty acids, CERs and FC are the most abundant lipids in
the stratum corneum (Elias, 1983). The hyperkeratosis in
Fatp4 �/� mice is characterized by an increase in the rela-
tive amounts of the latter two kinds of lipids and, when
compared with wild-type mice, the change has been most re-
markable for the CER fraction (81% more epidermal CERs
compared with Fatp4 �/� mice). Most importantly, a sig-
nificant reduction in the saturated very long chain fatty acid
substitutes, C26:0 and C26:0-OH, has also been detected,
and the proportion of shorter fatty acid substitutes (�C26)
within the CER fraction has increased.

These described findings substantiate the proposed intrin-
sic acyl-CoA synthetase activity of Fatp4 with its preference
for very long chain fatty acids (Herrmann et al., 2001). That
Fatp4 deficiency specifically affects the epidermal develop-
ment could be due to the selective metabolic requirements of
keratinocytes that are not adequately compensated by other
enzymes or other members of the Fatp family. Moreover, the
observed changes in the fatty acid composition of other lipid
classes indicate that the effect of Fatp4 deficiency is not only
limited to CERs. Although a shift from longer to shorter
chain lengths has also been noted for both the PC and PS
species of Fatp4 �/� mice, SPM and PE species show an in-
verse behavior. Thus, the role of Fatp4 in the control of ac-
ylation reactions may be more complex, and further studies
are clearly necessary to define the exact mode of action.

CERs with long and very long chain fatty acid substitutes
are essential for the molecular organization of stratum cor-
neum lipids, which eventually constitute the lamellar mem-
branous structures of the skin (Bouwstra et al., 2001). In
Fatp4 �/� mice, CERs not only show an altered fatty acid
chain length profile, but also show a significant increase in
unsaturated fatty acids. It is tempting to speculate that these
alterations may result in changes of the stability and fluidity
of the membranous structures in the stratum corneum inter-
cellular space and therefore account for the observed epider-
mal abnormalities (Norlen, 2001). Obviously, impairment
of the epidermal lipid barrier may be caused by a distur-
bance of the intracellular CER biosynthesis and processing,
or by a disturbed extracellular arrangement of the lipid ag-
gregates, or by both effects. For the correct assembly of the
extruded epidermal lipids, the attachment of glucosylcera-

mides to proteins of the cornified envelope has been pro-
posed (Doering et al., 1999a,b). As discussed earlier in this
section, the other stabilizing factor of the skin barrier is the
system of claudin-based tight junctions prominently present
in the stratum granulosum (Morita et al., 1999; Pummi et
al., 2001; Brandner et al., 2002; Furuse et al., 2002; Lang-
bein et al., 2002). Consequently, claudin-1–deficient mice
reveal a severely impaired epidermal barrier leading to dehy-
dration and neonatal death. Therefore, it is most likely that
both systems, the lipid lamellae abundant in the stratum
corneum and the tight junctions of the stratum granulosum,
are required to provide optimally efficient sealing and liquid
retention in the mammalian epidermis.

In conjunction with the abnormal lipid composition, the
epidermis of Fatp4 �/� mice has shown an increased num-
ber of cell layers in the stratum spinosum and a significantly
reduced size of keratohyalin granules in the stratum granulo-
sum. Whether the disturbed terminal differentiation of the
epidermis reflects an unspecific reaction to the defective epi-
dermal barrier or whether it is directly caused by an altered
epidermal lipid composition remains to be elucidated. Indeed,
in addition to their structural role in the epidermis, CERs are
also involved in various signaling pathways that control differ-
entiation and proliferation (Huwiler et al., 2000). However,
possible contributions of impaired lipid signaling to the
pathophysiology of Fatp4 �/� mice remain presently elusive.

With the exception of the skin alterations and the (sec-
ondary) reduced capacity of the alveolae to distend, no other
significant abnormalities have been noted in Fatp4-null
mice, including morphology, adipocyte differentiation, and
organ lipid composition. This suggests that Fatp4-mediated
processes are either highly tissue-specific, or that its func-
tional role can be compensated by other proteins in most tis-
sues, except the skin. However, the rapid neonatal death of
Fatp4 �/� mice may have obscured other Fatp4 functions,
e.g., intestinal fatty acid absorption. Further studies with
conditional Fatp4 alleles and suitable Cre-expressing mice
should permit exploration of such possibilities.

Materials and methods
Generation of Fatp4 mutant mice
Lambda phage clones containing the Fatp4 gene were isolated from a
mouse strain 129/Ola genomic library as described previously (Herrmann
et al., 2001). A restriction fragment containing the region from nt 1–7359
of the Fatp4 genomic sequence (GenBank/EMBL/DDBJ accession no.
AJ276492) was subcloned into pBluescript® II (Stratagene). To generate a
targeting construct, by ET recombination (Zhang et al., 2000) a 7172-bp
cassette was inserted into intron 2 between nt positions 3193 and 3194,
and a 117-bp cassette was inserted into intron 3 replacing nt 3814–3817
(Fig. 1 A). The targeting vector was linearized with NotI and electroporated
into E14–1 embryonic stem (ES) cells. DNA from neomycin-resistant ES
cell colonies was screened by Southern analysis using 5� and 3� probes
flanking the recombination arms (Fig. 1 B). Six homologous recombinants
were identified of 17 analyzed. ES cells from two of the six positive clones
were injected into C57BL/6 blastocysts to generate chimeric mice,
which were mated with C57BL/6 females. F1 heterozygotes were inter-
crossed to generate Fatp4 �/� mice. Animals derived from two ES cell
clones were analyzed separately and were shown to be phenotypically
identical. Adult and newborn mice were genotyped by using three PCR
primers (mmF4-In2f, 5�-CTGTTTGAAAGGTGCTGTGC-3�; mmF4-pUX4r,
5�-AGTCCTCTTCACATCCATGC-3�; mmF4-wtIn3r, 5�-TCTGGTGCCGA-
GACTCATAC-3�) under the following conditions: 0.75 mM MgCl2, 35 cy-
cles of 94�C for 30 s, 55�C for 30 s, and 72�C for 1 min. The mutant band
was 830 bp; the wild-type band was 1064 bp (Fig. 1 C).
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To convert the targeted allele into a mutant Fatp4 allele structurally lack-
ing an essential part of the Fatp4 gene, mice carrying the mutant Fatp4 al-
lele (named Fatp4-K) were crossed with PGK-Cre transgenic mice (provided
by Klas Kullander (AstraZeneca, Mölndal, Sweden) and Ruediger Klein
(Max Planck Institute of Neurobiology, Martinsried, Germany) exhibiting
ubiquitous Cre expression (Schwenk et al., 1995). In the resulting double-
mutant mice, the region between the two loxP sites containing exon 3 was
excised, resulting in a defective Fatp4 allele (named Fatp4-KO) still contain-
ing the selection cassette in intron 2, but in addition lacking exon 3 (Fig. 1
A). Offspring homozygous for the Fatp4-KO or Fatp4-K alleles were ana-
lyzed for morphological differences and were both found to be identical.

Fatp4 expression was controlled by Northern blot analysis. 20 	g total
RNA prepared from total intestine was electrophoresed in a 1.2% agarose
gel containing 0.66 M formaldehyde, transferred onto nylon membrane,
and subjected to hybridization as described previously (Herrmann et al.,
2001). All mouse procedures were in compliance with the guidelines of
the institutional animal care and use committees and in accordance with
governmental guidelines.

Antibodies
Primary pAbs against mouse Fatp4 were generated using the synthetic pep-
tide APKHLPSHPDKGFTD to which a cysteine residue had been added
before coupling to keyhole limpet hemocyanin. The antiserum was pro-
duced by injection of guinea pigs (Peptide Specialty Laboratories). For
comparison, antibodies used in immunohistochemistry were as follows: (1)
rabbit antibodies to occludin, claudin 1, protein ZO-1 (all from Zytomed),
to keratins K16 (gift of Dr. P. Coulombe, Johns Hopkins University School
of Medicine, Baltimore, MD) and K10 (gift of Dr. D. Roop, Baylor College,
Houston, TX), to periplakin and loricrin (both antisera were gifts of Dr. D.
Hohl, Hopital de Beaumont, Lausanne, Switzerland); (2) guinea pig anti-
bodies against keratins K2e, K5 and K14 (all from Progen Biotechnik); and
(3) mouse antibodies to keratin K6 (clone KA12; Progen Biotechnik), filag-
grin (mouse ascites; from Quartett Co., or from Paesel & Lorei) and to
transglutaminase 1, TG-1 (Cell Systems).

The secondary antibodies used for indirect immunofluorescence were
goat anti–guinea pig, anti–rabbit or anti–mouse immunoglobulins cou-
pled to Alexa® 568 (dilution of 1:200; Molecular Probes, Inc.). For ECL,
HRP-coupled anti–guinea pig IgGs (H�L; Dianova) were used at a dilu-
tion of 1:10,000. Immunoblots were performed as described previously
(Coe et al., 1999).

Histological and electron microscopic analysis
Newborn mice and fetal mice of different developmental stages were
killed, fixed in 4% neutral formaldehyde solution, and embedded in paraf-
fin. Sections were cut at 3 	m and stained with hematoxylin/eosin, Mas-
son’s trichrome, periodic acid Schiff, Verhoeff van Gieson, Oil Red O, and
cresyl violet-Luxol fast blue, respectively. EM was performed essentially as
described previously (Hou et al., 1991; Elhalwagi et al., 1999).

Skeleton preparations
Skin and internal organs were carefully removed from killed newborn mice.
Carcasses were fixed in 95% ethanol for 4 d and in acetone for 3 d, and
were then stained with 0.015% Alcian blue/0.005% Alizarin red sodium sul-
fate/5% acetic acid (Sigma-Aldrich) for 7–10 d. The samples were cleared in
2% KOH for 2–3 d and then in 1% KOH – 20% glycerol for 2–7 d. Skeletons
were subsequently stored in 50, 80, and 100% glycerol and photographed.

Immunofluorescence microscopy
Indirect immunofluorescence microscopy was done using various proto-
cols in parallel. The standard protocol was essentially as described else-
where for several membrane-associated proteins (Schmidt et al., 1997;
Langbein et al., 2002). In brief, after rinsing with PBS, cryostat sections of
shock-frozen tissues of mouse back skin, snout, and pad were fixed in ace-
tone (5 min at �20�C), permeabilized with 0.1% Triton X-100/PBS for 2
min, and blocked with 5% normal goat serum in PBS. Primary antibodies
were applied for 1 h, slides were rinsed in PBS, secondary antibodies were
added for 30 min, and specimens were again washed in PBS, rinsed in eth-
anol, dried, and mounted. For Fatp4 immunostaining, to prevent possible
losses of membrane-bound or soluble antigens from cryostat sections dur-
ing the immunolocalization procedures, various alternative fixation and
incubation protocols were used (protocols 2 and 3; see Schmidt et al.,
1997). In brief, in procedure 2, the standard protocol was modified to
avoid the use of detergent in any of the buffers, and all antibody incuba-
tions were shortened to 15 min and the washing steps to 3 min. In protocol
3, the initial fixation was in freshly prepared, 2% formaldehyde in PBS (15
min at RT), followed by rinsing in PBS, blocking in 50 mM NH4Cl (freshly

prepared, 10 min at RT), and final rinsing in PBS. Control immunostaining
reactions were as follows: (1) using the secondary antibodies only; (2) us-
ing the Fatp4 antiserum after absorption with the synthetic peptide used for
immunization; and (3) using a keratin K14–specific guinea pig antiserum
instead of the Fatp4 antiserum. Furthermore, the suitability of the Fatp4 an-
tibodies was controlled in cryosections through small intestine of Fatp4 �/�
and �/� mice, in which a prominent apical staining was apparent in the
enterocytes of wild-type mice, but not of Fatp4 �/� mice (Stahl et al.,
1999). Visualization and documentation were performed with a photomi-
croscope (Axiophot II; Carl Zeiss MicroImaging, Inc.).

Skin permeability assay
The diffusion of 1 mM Lucifer yellow in Ringer’s solution (pH 7.4) at 37�C
was analyzed in neonatal Fatp4 �/� and control mice essentially as de-
scribed earlier (Matsuki et al., 1998). The frozen skin samples were sliced
at a thickness of 5 	m. The sections were analyzed by fluorescence mi-
croscopy. In addition, barrier-dependent access of X-gal to untreated skin
was examined in embryonic day 18.5 Fatp4 �/�, Fatp4 �/�, and Fatp4
�/� mice as described previously (Hardman et al., 1998).

Measurement of TEWL
The TEWL from dorsal skin of neonatal mice was determined as described
previously (Matsuki et al., 1998) by using a transepidermal water loss in-
strument (TEWAMETER® TM 210; Courage and Khazaka Electronic) ac-
cording to the manufacturer’s instructions. The instrument is an open
chamber system with two humidity and temperature sensor pairs that mea-
sure the water evaporation gradient at the surface of the skin. Measure-
ments were performed with a special probe for small sample areas.

Adipocyte differentiation of embryonic fibroblast cells
Preparation of primary embryonic fibroblasts and induction of adipogenic
differentiation were performed according to methods described previously
(Tanaka et al., 1997). Embryonic fibroblast cells from Fatp4 �/� and Fatp4
�/� day 13.5 embryos were cultured in the presence of standard differen-
tiation-induction medium, containing 0.5 mM 3-isobutyl-1-methylxan-
thine, 0.25 	M dexamethasone, 1 	g/ml insulin, 5 	g/ml ciglitazone, and
10% FBS in DME. After 10 d of differentiation, cells were observed by light
microscopy with Oil Red O staining.

Lipid analysis
Epidermis and dermis were separated with forceps after incubation of skin
pieces in 25 U/ml dispase for 16–24 h at 4�C. Phospholipids in intestine,
liver, lung, brain, dermis, and epidermis were quantified by ESI-MS/MS ac-
cording to the principles described by Brugger et al. (1997). In brief, tissue
homogenates were extracted according to the protocol of Bligh and Dyer
(1959). Prior lipid extraction, not naturally occurring lipid species were
added as internal standards: 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(PC 28:0) and 1,2-dibehenoyl-sn-glycero-3-phosphocholine (PC 44:0) for PC
and SPM; 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (PE 28:0) for
PE; and 1,2-dimyristoyl-sn-glycero-3-phosphoserine (PS 28:0) for PS. Lipid
extracts were characterized by ESI-MS/MS using an HPLC system (Waters®

Alliance separations module 2790; Milford) coupled to a triple quadrupol
mass spectrometer (Quattro Ultima; Micromass). Sphingosine backbone–
containing CERs were analyzed similar to the previously described method-
ology (Liebisch et al., 1999) using N-heptanoyl-sphingosine (CER 17:0) as
internal standard. Due to an isotope overlap of PC and SPM species, intensi-
ties were corrected by theoretically calculated isotope pattern. Neutral lipids
were determined as described previously (Klucken et al., 2000) by TLC.

Statistical methods
Data are shown as mean � SD. Measurements in Fatp4 �/�, Fatp4 �/�,
and Fatp4 �/� mice, respectively, were compared by t test.
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