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Primary abnormalities in permeability barrier func-
tion appear to underlie atopic dermatitis and epider-
mal trauma; a concomitant barrier dysfunction could
also drive other inflammatory dermatoses, including
psoriasis. Central to this outside-inside view of dis-
ease pathogenesis is the epidermal generation of cy-
tokines/growth factors, which in turn signal down-
stream epidermal repair mechanisms. Yet, this
cascade, if sustained, signals downstream epidermal
hyperplasia and inflammation. We found here that
acute barrier disruption rapidly stimulates mRNA and
protein expression of epidermal vascular endothelial
growth factor-A (VEGF-A) in normal hairless mice, a
specific response to permeability barrier require-
ments because up-regulation is blocked by applica-
tion of a vapor-impermeable membrane. Moreover,
epidermal vegf�/� mice display abnormal permeabil-
ity barrier homeostasis, attributable to decreased
VEGF signaling of epidermal lamellar body produc-
tion; a paucity of dermal capillaries with reduced vas-
cular permeability; and neither angiogenesis nor epi-
dermal hyperplasia in response to repeated tape

stripping (a model of psoriasiform hyperplasia).
These results support a central role for epidermal
VEGF in the maintenance of epidermal permeability
barrier homeostasis and a link between epidermal
VEGF production and both dermal angiogenesis and
the development of epidermal hyperplasia. Because
psoriasis is commonly induced by external trauma
[isomorphic (Koebner) phenomenon] and is associ-
ated with a prominent permeability barrier abnor-
mality, excess VEGF production, prominent angio-
genesis, and epidermal hyperplasia, these results
could provide a potential outside-inside mechanistic
basis for the development of psoriasis. (Am J Pathol

2008, 173:689–699; DOI: 10.2353/ajpath.2008.080088)

In normal skin, external trauma, which is inevitably accom-
panied by permeability barrier disruption, initiates signaling
sequences within the epidermis that up-regulate metabolic
processes leading to barrier recovery.1–3 Acute barrier ab-
rogation, even by methods that produce minimal trauma,
such as solvent treatment, stimulates both the release of the
preformed cytokine, interleukin-1�,4 and the rapid up-reg-
ulation of several epidermis-derived, primary cytokines and
growth factors.5–7 These mediators then stimulate epider-
mal lipid and DNA synthesis,8–10 two metabolic responses
that contribute to permeability barrier recovery.11,12 Al-
though these cytokine/growth factors regulate metabolic
responses that lead to barrier repair, with sustained barrier
abrogation they stimulate the downstream generation of
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additional cytokines and chemokines, ultimately provoking
epidermal hyperplasia and inflammation.13 With still-further
prolongation of the barrier abnormality, angiogenesis and
fibroplasia eventually can emerge.14 Together, this sus-
tained cytokine cascade forms the theoretical basis for
the proposed outside-inside pathogenesis of several
inflammatory dermatoses that display prominent bar-
rier abnormalities.15–19

Vascular endothelial growth factor-A (VEGF-A) is a potent
regulator of tissue angiogenesis.20–23 VEGF-A levels in-
crease in response to local reductions in epidermal oxygen
content, which induce a key transcription factor, hypoxia-
inducible factor-1� (HIF-1�), that potently induces tran-
scription of VEGF-A and its receptors.24 Accordingly, con-
stitutive expression of epidermal VEGF-A and HIF-1� is low
under basal (unperturbed) conditions, but both up-regulate
rapidly in response to hypoxic stress.24,25 We hypothesized
here first, that the metabolic responses to acute barrier
disruption could be limited by oxygen availability from the
dermal vasculature; and accordingly, that barrier require-
ments could regulate epidermal VEGF-A production. The
importance of vascular delivery of oxygen for permeability
barrier homeostasis is suggested by experiments in which
permeability barrier recovery kinetics proceed at normal
rates, even in an oxygen-free, external environment.26 Ac-
cordingly, we show here that permeability barrier require-
ments, rather than mechanical injury, are the specific signal
for VEGF-A mRNA and protein up-regulation, suggesting
that barrier requirements regulate the vascular delivery of
oxygen for normal repair processes, through increased ex-
pression of VEGF. Moreover, we show that epidermal VEGF
is important for normal barrier function because epidermal-
localized vegf-a�/� knockout (KO) mice demonstrate ab-
normal permeability barrier homeostasis because of de-
creased VEGF-induced stimulation of epidermal lamellar
body production. Deletion of epidermal vegf-a in mice also
results in a marked reduction in the density of the microvas-
culature in the papillary dermis; and vascular permeability is
markedly impaired in epidermal vegf�/� mice. Furthermore,
epidermal vegf�/� mice do not develop epidermal hyper-
plasia in response to repeated external trauma, demonstrat-
ing a likely additional role for epidermal VEGF in the auto-
crine signaling of epidermal proliferation. Because psoriasis
is characterized by a persistent barrier abnormality, as well
as elevated VEGF, HIF-1�, and VEGF receptor expres-
sion,22,24 our results suggest that this mechanism could
account for both the provocation of psoriasis (Koebner phe-
nomenon), as well as development of the characteristic,
dilate, and tortuous microvasculature in the papillary dermis
of psoriasis.27–31

Materials and Methods

Animals and Functional Studies

Male hairless mice (Charles River, Philadelphia, PA) were
studied between 6 to 8 weeks of age. To prepare epider-
mal-vegf KO mice, male mice bearing the cre recombi-
nase transgene, under the control of the keratin 5 (k5)
promoter (k5-cre�), were mated to females homozygous
for the floxed vegf-a allele (vegf-aloxP/loxP) (both mouse

lines were in a C57B1/6 � 129 mixed background, pre-
pared in the laboratory of Dr. Erwin Tschachler, University of
Vienna, Vienna, Austria). vegf-a�k5-cre/� heterozygotes (one
vegf-a allele deleted in K5-cre-expressing cells) were
bred to mice homozygous for the vegf-aloxP/loxP allele.32

Offspring with deletions of the vegf-a allele in k5-cre-
expressing cells (vegf-a�k5-cre/�k5-cre) were matched with
same age and sex vegf-aloxP/loxP littermates, and studied
at 6 to 8 weeks of age. Transepidermal water loss (TEWL)
was assessed with an electrolytic water analyzer
(MEECO, Warrington, PA).33 Acute barrier disruption was
achieved in normal hairless mice by sequential applica-
tions of 22 mm D-Squame tapes (CuDerm, Fort Worth,
TX) until TEWL rates exceeded 5 mg/cm2/hour (Nm: �0.2
mg/cm2/hour). Typically, four to five animals were in-
cluded in each experimental group (see figure legends).
TEWL was assessed immediately after disruption, as well
as 3, 6, and 24 hours after acute barrier disruption. In
parallel experiments, animals with disrupted sites were
immediately placed in one finger of a Latex glove for 1 to
6 hours to restore barrier competence artificially.6,34 vegf
mice and wild-type (WT) littermates were shaved 24
hours before acute barrier disruption, and assessed at
the same time points after barrier disruption by tape
stripping, as above. Sustained barrier disruption was
achieved by tape-stripping twice daily for 6 days until
TEWL rates achieved levels of �5 mg/cm2/hour (two to
three strippings).13 Vascular permeability was assessed
in repeatedly tape-stripped, epidermal VEGF�/� and WT
mice after intravenous infusion of fluorescein isothiocya-
nate-albumen and Evans Blue, as described.35 Briefly,
mice were shaved on both flanks; tape-stripped the next
day and twice daily for 3 more days on one flank until TEWL
�3 mg/cm2/hour. Mice then were anesthetized with intra-
peritoneal injections of 4.2% chloral hydrate solution,
wrapped in a paper towel, and immersed in a water bath at
37°C for 20 minutes to maximize dilatation of their tail veins.
Two percent Evans Blue (0.05 ml), containing fluorescein
isothiocyanate-albumen in normal saline, was injected into
the tail vein with a 30-gauge needle. After 15 to 20 minutes
(when the skin of WT mice took on a bluish cast), the mice
were sacrificed, and the full-thickness skin was excised
from both flanks and immediately frozen in liquid nitrogen.
Frozen sections (0.6 �m) were examined by phase contrast
and fluorescence microscopy.

Stimulation of Lamellar Body Production in
Cultured Keratinocytes with Exogenous VEGF

Normal human keratinocytes were isolated from neonatal
foreskins by a modification of the method of Pittelkow and
Scott36 under an institutional review board approval pro-
tocol (University of California, San Francisco, CA). Sec-
ond-passage keratinocytes were grown in keratinocyte
growth medium, supplemented with bovine epidermal
growth factor, bovine pituitary extract, insulin, hydrocor-
tisone, and 0.07 mmol/L calcium chloride (Cascade Bio-
logics, Portland, OR). After reaching 90% confluence,
cells were cultured in Dulbecco’s and Ham F-12 medium
(2:1, v/v), containing 1.2 mmol/L calcium, supplemented
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with 1, 5, or 10% fetal bovine serum (FBS), insulin (10
�g/ml), hydrocortisone (0.4 �g/ml), and ascorbic acid
(50 �g/ml) (differentiation medium)37 for 3 days and fur-
ther incubating in differentiation medium containing 5%
FBS for 2 days. Cells then were treated with or without a
mixture of recombinant human VEGF-121 and VEGF-165
(final concentration, 50 ng/ml each) (Shenandoah Bio-
technology, Inc., Warwick, PA) in the differentiation me-
dium containing 1% FBS, or in the differentiation medium
under serum-free conditions, supplemented with bovine
serum albumin conjugates of palmitate (0.3 mmol/L),
oleate (0.63 mmol/L), linoleate (0.38 mmol/L), arachido-
nate (0.18 mmol/L), and �-topopherol (0.03 mmol/L). Af-
ter a further 2 days, cells were removed as intact sheets
with a rubber policeman and processed for electron mi-
croscopy, as described below.

RNA Isolation and Northern Hybridization

Epidermal sheets were obtained from freshly-obtained
mouse flank skin by incubation in 10 mmol/L ethylenedia-
minetetraacetic acid in Ca-free, Mg-free phosphate-buff-
ered saline for 30 minutes at 37°C. After total RNA was
obtained from frozen epidermal sheets, and poly(A)� RNA
was isolated,38 and electrophoresed before hybridization
with a 32P-labeled cDNA consensus probe for VEGF-A.23

Membranes then were washed and the same mRNA sam-
ples were probed for the housekeeping gene, cyclophilin
(ClonTech, Palo Alto, CA), which did not change signifi-
cantly after either barrier disruption or occlusion.

Immunostaining for VEGF, DNA, and Vessel
Markers

VEGF immunostaining was performed in biopsy samples
from three each of WT and KO mice at various times points
after acute barrier disruption, using a primary, chick poly-
clonal antibody from Abcam (Cambridge, MA). The sec-
ondary antibody was a biotinylated, goat anti-chicken anti-
body (Vector Laboratories, Burlingame, CA). Factor 8
immunostaining was performed in 5-�m paraffin-embed-
ded sections, using an anti-human primary antibody
(DAKO, Carpinteria, CA), a biotinylated anti-rabbit goat sec-
ondary antibody (Vector), and an avidin-biotin complex
(ABC kit, Vector). Immunofluorescence of CD31 and NG2
was performed in 5-�m cryosections of WT and VEGF�/�

mouse skin samples. Biopsies were fixed briefly in 2%
paraformaldehyde, and then incubated with buffered bo-
vine serum albumin to block nonspecific binding. Primary
affinity-purified polyclonal antibodies against CD31 (BD
Biosciences, San Jose, CA) and NG2 (Chemicon, Te-
mecula, CA) were applied to 5-�m cryosections at concen-
trations of 0.5 �g/ml and of 0.625 �g/ml, respectively. Both
immunoreagents were diluted in 10 mmol/L Tris buffer, pH
7.6, containing 4% bovine serum albumin, 1% teleost skin
gelatin, 0.1% Tween 20, and 500 mmol/L NaCl. The binding
of CD31 was detected by affinity-purified, Alex Fluor 488
donkey anti-rat IgG (Invitrogen, Carlsbad, CA), whereas
NG2 antibody was detected by affinity-purified, Alexa Fluor
488 goat anti-rabbit IgG (Invitrogen). Propidium iodide was

used as a counterstain. Omission of the primary antibody
resulted in either low levels of nonspecific staining or ab-
sence of staining.

For quantitation of vessel density in the upper dermis,
micrographs were taken of 10 to 15 fields each from the
superficial dermis from each sample, coded, random-
ized, and the density of dermal capillaries per 10 �m2

was quantitated by a blinded observer. All immuno-
stained vessels in the papillary dermis, except for those
encircling hair follicles, were counted, extending down-
ward to the level of the bulb of the hair follicle. Vessel
densities were calculated as mean � SEM for each sample
type. For PCNA staining, 5-�m sections of paraffin-embed-
ded tissue samples were labeled first with antiKi67 anti-
body, followed by detection with ABC peroxidase reagents
(both from Caltag Laboratories, Burlingame, CA). All statis-
tical differences were determined by the Student’s t-test.

Electron Microscopy

Biopsy samples were taken from all experimental groups
(n � 3 to 5 animals each) and processed for electron
microscopy. Samples were minced to �0.5 mm3, fixed in
modified Karnovsky’s fixative overnight, and postfixed in
either 0.2% ruthenium tetroxide (RuO4), or 1% aqueous
osmium tetroxide (OsO4), containing 1.5% potassium fer-
rocyanide. After fixation, all samples were dehydrated in
graded ethanol solutions, and embedded in an Epon-
epoxy mixture. Ultrathin sections were examined, with our
without further contrasting with lead citrate, in an electron
microscope (Zeiss 10A; Carl Zeiss, Thornwood, NY) op-
erated at 60 kV.

For quantitative analysis of lamellar body densities, 10 to
15 micrographs of the outer epidermis (�22,500 magnifi-
cation) from three blocks each from three vegf�/� mice
were coded, randomized, and assessed by stereological
methods, as follows. To quantitate differences in lamellar
body density, micrographs were taken from the same
blocks at various points along the stratum granulosum-SC
junction, and the frequency of protrusions/�m length of
interface was measured in coded, randomized micro-
graphs, as described previously.39 Lamellar body and la-
mellar body secretory densities were calculated as mean �
SEM and compared statistically by the Student’s t-test.

Results

Epidermal VEGF Expression Is Regulated by
Permeability Barrier Requirements

To assess whether vegf-a expression is regulated by
acute barrier perturbations, we abrogated the permeabil-
ity barrier in hairless mice by two unrelated methods
(sequential cellophane tape stripping, or alternatively by
a minimally-injurious method; ie, repeated acetone
swabs). By using a consensus probe for the full-length
vegf-a cDNA, we found epidermal mRNA levels for vegf
increased by 1 hour after acute disruption, independent
of the method of perturbation, peaking 3 hours after acute
disruption (Figure 1, A and B; acetone and tape stripping,
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respectively). To assess whether the increase in vegf
mRNA levels is barrier-related, or a nonspecific response
to external injury, we next artificially restored normal bar-
rier function by application of a vapor-impermeable (La-
tex) wrap, immediately after tape stripping of mouse skin.
Artificial barrier restoration by occlusion primarily
blocked the expected increase in vegf mRNA levels (Fig-
ure 1B; P � 0.01 for occluded versus nonoccluded).
Finally, acute barrier disruption increased vegf immuno-
staining in epidermis for 4 hours, returning to normal by
48 hours (Figure 1C). With repeated tape stripping, epi-
dermal hyperplasia develops in parallel with a further
increase in vegf (Figure 1C). Notably, vegf was virtually
undetectable in KO epidermis, even after repeated tape
stripping. Together, these results demonstrate that epi-
dermal VEGF-A expression up-regulates in response to
acute abrogations of the permeability barrier, and that
increased expression is linked to barrier requirements,
rather than representing a nonspecific response to epi-
dermal injury.

Epidermal VEGF Is Required for Normal
Permeability Barrier Homeostasis

Although the previous studies show that changes in per-
meability requirements specifically regulate VEGF ex-
pression, they do not address the specific function(s) of

epidermal VEGF. To address the potential roles of epi-
dermal VEGF in normal skin, we first assessed barrier
recovery kinetics in transgenic mice with epidermis-spe-
cific deletion of Vegf-a.32 Basal barrier function, assessed
as TEWL levels (mg/cm2/hour), was comparable in KO
and WT mice (not shown). However, barrier recovery
kinetics appeared to be delayed by 3 hours after acute
barrier disruption, and were significantly delayed at 6
hours, becoming comparable to recovery rates in WT
mice by 24 hours (Figure 2). These results demonstrate
that epidermal VEGF is required for normal permeability
barrier homeostasis.

Structural Basis for Abnormal Permeability
Barrier Function in VEGF�/� Mice

In normal skin, permeability barrier function recovers
quickly from acute insults because of rapid up-regulation
of epidermal lipid synthesis, and accelerated production
and secretion of epidermal lamellar bodies.2,3 Therefore,
we next assessed whether abnormal permeability barrier
homeostasis in epidermal vegf�/� mice could be attrib-
uted to decreased production and/or secretion of epider-
mal lamellar bodies. Even under basal conditions; ie,
before acute barrier perturbations, the density of epider-
mal lamellar bodies appeared much lower in vegf�/� than
in WT mice (Figure 3, B versus A), an observation con-

Figure 1. Permeability barrier disruption specif-
ically up-regulates VEGF-A expression. Male
hairless mice (three groups of three to four an-
imals each) were treated with either repeated
acetone swabs (A) or repeated cellophane
(Scotch-type) tape strippings (B) to both flanks.
One additional group of tape-stripped animals
was immediately occluded within fingers of a
Latex glove (B). Untreated mice served as con-
trols (n � 4 each). Experimental results were
replicated in two subsequent experiments. Sam-
ples were taken 1, 3, 6, and 24 hours after acute
barrier disruption. Changes at 3 hours are
shown, when maximal changes occurred. Epi-
dermis was separated from dermis; mRNA was
isolated from epidermis, and Northern blots
were prepared, as described in the Materials and
Methods and in Harris and colleagues,38 using a
full-length cDNA probe that recognizes VEGF-A
and its isomeric products.23,82 Each lane repre-
sents VEGF-A mRNA isolated from a single
mouse. Cyclophilin, which did not change with
barrier disruption, was probed as the house-
keeping gene in the same mRNA samples, and
quantitative results were normalized to cyclo-
philin levels, and shown as mean � SEM. C:
Changes in VEGF immunostaining with time af-
ter tape stripping of epidermal VEGF�/� and
WT mice (three biopsies were examined at each
time point). Increased expression occurs by 4
hours (not shown), and increases with time in
parallel with development of epidermal hyper-
plasia. Neither epidermal VEGF nor epidermal
hyperplasia (arrows) appears in similarly tape-
stripped KO mice. 200� magnification.
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firmed by quantitative measurements in randomized
coded micrographs (Figure 3C). Decreased lamellar
body production, in turn, correlated with a decreased
amount of secreted lamellar body contents at the stra-
tum granulosum-SC interface in KO mice (Figure 3, B
versus A and inset in A; quantitative results are in
Figure 3D).

To assess whether the depletion of lamellar bodies in KO
mouse epidermis reflects the lack of autocrine stimulation
by VEGF, we next exposed cultured human keratinocytes to
exogenous recombinant VEGF. When grown in both 10%
fetal bovine serum under reducing conditions (50 �m
ascorbic acid), postconfluent keratinocytes generate large
numbers of lamellar bodies.40 In the presence of lower
concentrations of FBS, fewer lamellar bodies are gener-
ated, and in the absence of FBS, proliferation ceases and
the cells differentiate and cornify. We first assessed
whether VEGF would stimulate lamellar body produc-
tion when FBS concentrations were reduced to 1%.
Lamellar bodies were very sparse in VEGF-free cul-
tures, but were present in abundance in VEGF-supple-
mented cultures (Figure 3, C versus D), and variably
secreted into the extracellular spaces (Figure 3D, in-
set). In serum-free, postconfluent cultures, supple-
mented with bovine serum albumin-free fatty acid con-
jugates, most of the keratinocytes appeared to be in
various stages of terminal differentiation, and neither
cytosolic lamellar bodies nor secreted lamellar mem-
branes were seen (not shown). In contrast, when
rVEGF was added to these serum-free cultures, lamel-
lar bodies were present in noncornified cells, and
abundant secreted multiple arrays of lamellar body-
derived bilayers were present between corneocytes
(Figure 3E). These results show that VEGF directly
stimulates lamellar body production by epidermal ker-
atinocytes. Together, these results show that defective
permeability barrier homeostasis in epidermal vegf�/�

mice correlates with diminished production/secretion
of epidermal lamellar bodies; and that VEGF stimulates
epidermal lamellar body production.

Deletion of Epidermal VEGF Leads to Depletion
of Microvasculature in the Outer Dermis

To assess further the role of epidermal VEGF in normal
skin, we next assessed changes in the microvasculature
in the upper dermis of epidermal vegf�/� versus WT
mice. Three vessel markers were used for the immuno-
identification of superficial capillaries; ie, the endothelial
cell markers, CD31 and factor 8, and a pericyte marker,
NG2. As previously reported by Rossiter and col-
leagues,32 deletion of epidermal VEGF resulted in a
marked paucity of upper dermal microvasculature, as-
sessed with all three markers (Figure 4, A–C: CD31; D–F:
NG2; see below for factor 8), which was confirmed by
quantitative studies in randomized, coded micrographs
(Figure 4, G and H). In contrast, vessel densities did not
differ in either the deeper levels of the dermis, or sur-
rounding pilosebaceous follicles in epidermal vegf�/�

mouse skin (not shown). These results demonstrate a
specific requirement for epidermal VEGF for the forma-
tion of microvasculature in the upper dermis.

Repeated Barrier Disruption Stimulates
Angiogenesis and Vascular Permeability in
Wild-Type, but Not in Epidermal-VEGF�/� Skin

We next assessed whether repeated barrier disruption stim-
ulates angiogenesis and/or vascular permeability in epider-
mal vegf�/� versus WT skin. Repeated barrier disruption
increased the density of factor 8-positive capillaries in the
upper dermis of WT, but not in epidermal vegf�/� mice, a
change that could be detected as early as 6 hours after
acute barrier disruption (Figure 5C). Because the diameter
of dermal microvasculature also appeared to increase after
barrier disruption in WT mice, suggestive of increased vas-
cular permeability, we next assessed differences in vascu-
lar permeability in epidermal vegf�/� and WT mice after
intravenous injections of 1% Evans blue with a fluorescent
tracer (fluorescein isothiocyanate-albumen). The injected
Evans blue turned WT mouse skin visibly blue, whereas no
color change occurred in KO mice (not shown). Frozen
sections examined 20 minutes after dye injection revealed
diffuse fluorescence in the upper dermis of WT mice, but
little or no fluorescence in the upper dermis of epidermal
vegf�/� mice (Figure 5A), a difference confirmed by quan-
titative densitometry measurements (more than fourfold
more fluorescence in the upper dermis of WT than in KO
mice; Figure 5B). Together, these results show that the
epidermal VEGF-induced changes in angiogenesis are re-
quired for basal vascular permeability and changes in an-
giogenesis that occur in response to barrier perturbations.

Figure 2. Barrier recovery is delayed in transgenic mice with epidermal
vegf-a�/� mice. For preparation of epidermis-localized VEGF KO mice,
see Rossiter and colleagues.32 Acute barrier disruption was achieved with
repeated D-Squame tape stripping until TEWL levels were �5 mg/cm2/
hour, 24 hours after affected (vegf/f-k5Cre) and WT littermates (n � 6
each) were shaved. Barrier recovery was quantitated as percentage of
normal (�0.2 mg/cm2/hour) 3, 6, and 24 hours after barrier disruption
(�SEM).
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Epidermal VEGF Regulates the Hyperplastic
Response to Sustained Barrier Disruption

In addition to its effects on epidermal structure and function (as
shown here), as well as its well-known effects on angiogenesis
and vascular permeability, VEGF displays putative autocrine
effects on keratinocyte function, including regulation of kera-

tinocyte proliferation.41 Therefore, we next assessed whether
epidermal VEGF is required for the development of epidermal
hyperplasia; ie, the epidermal proliferative response to re-
peated barrier abrogation by tape stripping, a well-established
mouse model of epidermal hyperplasia.13,42 Repeated tape
stripping of WT skin for 3 to 6 days again resulted in marked
epidermal hyperplasia (Figure 6A). In contrast, repeated tape

Figure 3. Abnormal permeability barrier corre-
lates with decreased lamellar body production
and secretion in vegf-a�/� mice. A: Abundant
lamellar bodies (small arrowheads) are present
in cytosol of stratum granulosum (SG) cells in WT
epidermis. A: Inset: Abundant secreted lamellar
body contents at SG-stratum corneum (SC) inter-
face (solid arrows). Fewer lamellar bodies
(asterisks) are in SG cytosol of vegf�/� (KO)
mice, and there is less secreted contents at the
SG-SC interface (open arrows). B: Quantitative
data for lamellar body density and secretion �
SEM, respectively, in KO and WT mice. (n �
number of samples each of WT and KO skin.) A,
C, and D: Osmium tetroxide postfixation. E: Ru-
thenium tetroxide postfixation. C and D: Transi-
tional cell (TC) postconfluent, cultured human kera-
tinocytes with added 1% FBS � exogenous recombi-
nant VEGF (see Materials and Methods). Density of
cytosolic lamellar bodies (arrowheads) markedly in-
creases in cultures supplemented with VEGF. E: Cul-
tured keratinocytes grown in a serum-free medium
(-s) to postconfluence, supplemented with free fatty
acids � exogenous rVEGF (see Materials and Meth-
ods). VEGF-supplemented cultures show multiple ar-
rays of lamellar bilayers within extracellular spaces of
SC (arrows). Scale bars: 1 �m(A, A inset); 0.1 �m(C,
D, E, E inset).
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stripping of epidermal vegf�/� mice did not stimulate epider-
mal hyperplasia (Figure 6A). Quantitative data for changes in
the number of nucleated cell layers, obtained from coded and
randomized micrographs, confirmed these observations (Fig-
ure 6B). Together, these results show that epidermal VEGF is
required for the development of epidermal hyperplasia in re-
sponse to sustained barrier disruption.

Discussion

Maintenance of epidermal permeability barrier ho-
meostasis is critical for survival of terrestrial mammals,
who are threatened continually with desiccation by expo-
sure to a xeric external environment.2,3 Hence, perturba-
tions in barrier function, regardless of their nature (eg,

Figure 4. Dermal microvasculature is reduced in epidermal vegf�/� mice. Frozen sections (5 �m) from epidermal vegf�/� versus WT biopsies (n � 3 each) were
immunostained with a primary antibody against the endothelial cell marker, CD31 (A–C), or the pericyte marker, NG2 (D–F). C and F are negative controls from CD31 and NG2,
respectively. Immunostained capillaries are indicated by arrows. NG2 also labels cells that encircle pilosebaceous structures (D, asterisk). The density of immunopositive vessels
in the papillary dermis (-pilosebaceous structures) was quantitated in randomly-obtained, coded micrographs (G, CD31; H, NG2). A–F, Mag bar � 10 �m.

Figure 5. Angiogenesis and vascular permeabil-
ity are impaired in epidermal vegf�/� mice. A:
Epidermal KO and WT mice (n � 3 each) were
perfused (by tail vein injection) with 1% fluores-
cein isothiocyanate-albumen in normal saline 40
minutes before biopsy. WT dermis shows in-
creased fluorescence throughout the dermis
compared to the KO, suggesting reduced vascu-
lar permeability in the KO skin (dotted lines
indicate dermo-epidermal junction; arrows in-
dicate surface of SC). B: Fluorescence from sam-
ples in A was quantitated by scanning random-
ized, coded photomicrographs (controlled for
equal exposure level) with a Fujifilm lumines-
cent image analyzer (LAS-3000), using incident
light and 1/4 second exposures, producing dig-
itized images. The intensity of fluorescence of
the papillary dermis from defined areas from
four biopsies were measured at �40 (arbitrary
units), and compared statistically (�SEM). C: Six
hours after tape stripping, WT mice demonstrate
prominent vasodilatation and an increase in fac-
tor 8-positive immunostaining of capillaries in
the papillary dermis (arrows), whereas KO
mice demonstrate no change from basal immuno-
staining (see Figure 4, A–F).
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organic solvents, surfactants, or tape stripping), induce
metabolic responses in the underlying epidermis that
rapidly normalize barrier function.3,43 These barrier-spe-
cific responses include in sequence: rapid up-regulation
of epidermal lipid synthesis (1 to 3 hours); accelerated
production and secretion of the lipid/protein contents of
epidermal lamellar bodies (3 to 6 hours); and increased
DNA synthesis (16 to 24 hours), the last of which provides
both additional lipid-generating keratinocytes, as well as
a new generation of corneocytes.44 Whether nutrient/
oxygen delivery from the circulation to the epidermis is
modulated to sustain these multiple, energy-requiring
processes is not known. Because permeability barrier
homeostasis remains normal, even when externally-per-
turbed mouse skin is maintained under an inert, argon
atmosphere,26 the increased metabolic demands im-
posed by acute barrier disruption likely rely on the un-
derlying vasculature.

Here, we assessed first, whether epidermal VEGF-A
production is regulated specifically by perturbations in
permeability barrier function; and further, whether epider-
mal VEGF is required for normal permeability barrier ho-
meostasis. The present studies clearly demonstrate a link
between permeability barrier function and epidermal
VEGF expression: epidermal VEGF-A mRNA and protein
production rapidly up-regulates after acute barrier dis-
ruption, independent of the method of perturbation. Be-
cause the barrier disruption-induced increase in VEGF-A
mRNA is blocked by artificial restoration of normal barrier
function, increased VEGF-A expression is linked specifi-
cally to permeability barrier requirements, rather than

representing a nonspecific response to epidermal injury
(which should not occur with acetone-induced barrier
disruption). It is likely that acute stress to the barrier
increases epidermal metabolic demand, resulting in
(transient) local hypoxia (Figure 7), which in turn, likely
increases expression of HIF-1�,24 leading to increased
VEGF-A mRNA production. But the effects of barrier dis-
ruption on either tissue oxygen levels or HIF-1� expres-
sion were not assessed here. The relatively-rapid in-
crease in epidermal VEGF, in turn, stimulates angiogenesis
in the superficial dermis, as well as allowing both basal
vascular permeability and the increase in permeability
that follows acute barrier disruption, which likely in-
creases oxygen delivery to the epidermis. A recent article
suggests that skin (epidermal) hypoxia stimulates vascu-
lar permeability by a rapid increase in nitric oxide.45

Thus, the changes in vascular permeability that we ob-
served in vegf�/� mice may not reflect a failure in perme-
ability barrier function, but likely rather a prior absence of
dermal vasculature. With the return of permeability barrier
function to normal, the transient demand for increased
oxygen likely declines, down-regulating VEGF/HIF levels
(Figure 7, left side). Because we used a consensus probe
for VEGF-A mRNA, our study did not address whether the
parental molecule alone, and/or one or more VEGF iso-
forms are generated in response to acute barrier disrup-
tion. Although barrier requirements also could regulate
expression of one or more VEGF receptors, our previous
studies showed that epidermal receptor levels for cyto-
kines and growth factors rarely change after barrier dis-
ruption.46 Hence, this potential mechanism was not eval-
uated here.

Our studies demonstrate not only the regulation of
epidermal VEGF production in response to acute perme-
ability barrier alterations, but also the importance of epi-
dermal VEGF for permeability recovery after acute per-
turbation. Permeability barrier recovery is abnormally
delayed in mice with epidermal localized deletion of

Figure 6. Epidermal vegf�/� mice do not develop epidermal hyperplasia in
response to repeated barrier disruption. A: Epidermal VEGF�/� and WT mice
were tape-stripped twice daily for 5 days. Whereas WT mice develop epi-
dermal hyperplasia, epidermal VEGF�/� mice fail to develop hyperplasia.
H&E staining. B: Hyperplasia was quantified as the number of epidermal
nuclei hit by straight edge rule ruler dropped at random perpendicular to the
epidermis in multiple sections (n � 20) from four animals in each group.
Scale bars � 20 �m.

Figure 7. Potential role of epidermal VEGF in normal permeability barrier
homeostasis and in psoriasis. Hypothetical scheme for regulation of epider-
mal VEGF in response to acute barrier disruption (left). Transient hypoxia
(?2O2) stimulates VEGF production, which stimulates vascular permeability.
Re-oxygenation of epidermis then down-regulates VEGF production. In pso-
riasis, a sustained barrier abnormality results in even more intense metabolic
activity, with a further reduction in tissue oxygen levels (shown as ?22),
leading to sustained production and increased levels of VEGF. Sustained
VEGF overproduction, in turn, leads to epidermal hyperplasia, a superabun-
dance of lamellar bodies, and the prominent capillary abnormality in psori-
asis. According to this scheme, the TH1 infiltrate in psoriasis is recruited
downstream in psoriasis, but it can further drive epidermal hyperplasia.
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vegf�/�. Epidermal vegf�/� mice display a paucity of
lamellar bodies, providing a structural basis for the bar-
rier abnormality. Because exogenous VEGF stimulates
lamellar body production in cultured keratinocytes, this
growth factor appears to regulate organelle production in
an autocrine manner. Pertinently, the density of lamellar
bodies is far greater in psoriatic than in normal epider-
mis,47 presumably because of hyperstimulation by ex-
cess VEGF. Epidermal vegf�/� mice display a diminished
density of microvasculature in the upper dermis, demon-
strating an additional, paracrine function of this growth
factor. Dermal capillaries normally arborize immediately
beneath the epidermis, exchanging nutrients, metabo-
lites, and gases with surrounding/overlaying tissues.23,48

With depletion of these vessels in epidermal vegf�/�

mice, it is not surprising that permeability barrier ho-
meostasis would be impacted adversely, as shown here.
Despite the likely ongoing generation of other cutaneous
angiogenic factors, such as fibroblast growth factor-2,49

interleukin 8,50 epidermal parathyroid hormone-related
protein,51 as well as extra-epidermal sources of VEGF,
these results demonstrate a specific requirement for epi-
dermal VEGF production in the maintenance of the mi-
crovasculature of the upper dermis. Thus, even if com-
pensatory up-regulation of extra-epidermal VEGF or other
potential signals of angiogenesis occurs, it does not com-
pensate for loss of epidermal VEGF.

As the results of these studies emerged, we realized
that they could be relevant for the provocation of psoria-
sis. Previous studies have shown characteristic dermal
capillary abnormalities in psoriasis27,28,52 and a potential
role for epidermal VEGF in the pathogenesis of psoria-
sis.22 Our observations provide several additional mech-
anistic insights that could be of direct relevance for the
provocation of psoriasis, a disease that is often triggered
by external injury.53–55 First, using analogous insults to
the external skin surface, our results show that it is not
epidermal injury, but rather permeability barrier disrup-
tion, an inevitable accompaniment of such trauma, which
likely represents the specific trigger for provocation of
psoriasis (Figure 7). Within minutes of barrier disruption,
epidermal generation of several pro-inflammatory pri-
mary cytokines, such as interleukin-1�, increases,5–7,56

and one or more of these soluble factors could in turn
up-regulate VEGF production,57–60 independent of, or in
addition to, hypoxic stimulation. Whether barrier require-
ments up-regulate VEGF through transient hypoxia or
indirectly via a previous increase in a stimulatory cyto-
kine, such as interleukin-1�, was not addressed here.
Second, occlusion alone can clear individual psoriatic
lesions, and accordingly not only VEGF, but also cyto-
kine/growth factor production declines after occlusion
of chronically disrupted skin.34 Pertinently, occlusion of
psoriatic skin likewise down-regulates expression of
most of the cytokines that comprise the psoriasis cy-
tokine network (compare Bonifati and Ameglio61 to
Wood et al34).

Although immunological models have long dominated
views on the pathogenesis of inflammatory skin disease,
primary inherited abnormalities in epidermal barrier func-
tion are now strongly linked to atopic dermatitis.62–65

Evidence in support of an epidermal barrier-driven (out-
side-inside) pathomechanism of psoriasis is also gaining
traction, based on well-established clinical observations
that: i) new psoriatic lesions develop at sites of external
trauma (isomorphic or Koebner phenomenon)53–55; ii) se-
verity of the psoriatic phenotype correlates with the extent
of the permeability barrier abnormality66; iii) barrier res-
toration by occlusion alone can clear psoriatic lesions67–70;
as well as iv) studies in transgenic mice with deletions/
overexpression of several different epidermal proteins
that develop a psoriasiform skin phenotype.71,72 Perti-
nently, overexpression of vegf in the epidermis of trans-
genic mice provokes a psoriasiform dermatosis, includ-
ing prominent angiogenesis, inflammation, and epidermal
hyperplasia,73 whereas conversely, pharmacological inhibi-
tion of either VEGF expression (eg, with retinoids or cyclo-
sporin A),74,75 or angiogenesis76 can improve psoriasis.

Of further potential relevance to the pathogenesis of
psoriasis, we showed that epidermal VEGF production is
required not only for the development of dermal angio-
genesis, but also as an autocrine regulator of epidermal
hyperplasia, two distinctive features of psoriasis. Al-
though epidermal hyperplasia occurs with sustained bar-
rier abnormalities in normal mice, it does not occur in
similarly-treated epidermal vegf�/� mice subjected to
comparable barrier insults. Because VEGF displays au-
tocrine/paracrine effects that extend beyond lympho-
and vascular-angiogenesis permeability,23,77,78 it could
be important for permeability barrier homeostasis by
mechanisms not duplicated by other growth factors/cy-
tokines. In fact, the repeated tape-stripping studies
strongly suggest a second autocrine function for epider-
mal VEGF as a key autocrine signal of the proliferative
response to barrier disruption. Yet this study did not
address whether epidermal VEGF stimulates epidermal
hyperplasia directly, or through other downstream, para-
crine mechanisms.

Together, these studies suggest that sustained perme-
ability barrier-induced increases in epidermal VEGF ex-
pression could explain not only the distinctive angiogen-
esis, but also the epidermal hyperplasia that is a key
feature of psoriasis (Figure 7, right side). Yet, although
our results could potentially link epidermal barrier status
with development of the characteristic capillary abnor-
malities and epidermal hyperplasia in psoriasis, it is im-
portant to emphasize that sustained barrier disruption
alone does not suffice to produce psoriasis. Develop-
ment of the full psoriatic phenotype requires the partici-
pation of additional abnormalities in the immune sys-
tem.1,79–81 Thus, it must be emphasized that the
mechanisms that lead from barrier disruption to develop-
ment of the stable psoriatic phenotype are complex, and
remain primarily unresolved.
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