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Psoriasis is a common, persistent skin disorder char-
acterized by recurrent erythematous lesions thought
to arise as a result of inflammatory cell infiltration
and activation of keratinocyte proliferation. Unsched-
uled angiogenic growth has also been proposed to
mediate the pathogenesis of psoriasis although the
cellular and molecular basis for this response re-
mains unclear. Recently, a role for the angiopoietin
signaling system in psoriasis has been suggested by
studies that demonstrate an up-regulation of the ty-
rosine kinase receptor Tie2 (also known as Tek) as
well as angiopoietin-1 and angiopoietin-2 in human
psoriatic lesions. To examine temporal expression of
Tie2, we have developed a binary transgenic ap-
proach whereby expression of Tie2 can be condition-
ally regulated by the presence of tetracycline analogs
in double-transgenic mice. A psoriasis-like phenotype
developed in double-transgenic animals within 5 days
of birth and persisted throughout adulthood. The skin

of affected mice exhibited many cardinal features of
human psoriasis including epidermal hyperplasia,
inflammatory cell accumulation, and altered dermal
angiogenesis. These skin abnormalities resolved com-
pletely with tetracycline-mediated suppression of
transgene expression, thereby illustrating a complete
dependence on Tie2 signaling for disease mainte-
nance and progression. Furthermore, the skin le-
sions in double-transgenic mice markedly improved
after administration of the immunosuppressive anti-
psoriatic agent cyclosporine, thus demonstrating the
clinical significance of this new model. (Am J Pathol
2005, 166:843–855)

Development of the cardiovascular system involves the
coordinated interactions between numerous growth fac-
tors and receptors that selectively regulate the vascular
endothelium. The angiopoietins bind the tyrosine kinase
with immunoglobulin and epidermal growth factor homol-
ogy domains 2 (Tie2) receptor [also known as the tunica
interna endothelial cell kinase (Tek) receptor] and lead to
the context-specific activation of the receptor and down-
stream signal transduction pathways that control angio-
genic remodeling.1–4 The effect of the angiopoietins on
the microcirculation is somewhat less clear;5 however,
Tie2 is required for vessel maintenance6,7 and it is cur-
rently believed that temporally regulated expression of
angiopoietin-2 (Ang2) in concert with vascular endothe-
lial growth factor (Vegf) may antagonize the constitutively
stabilizing function of angiopoietin-1 (Ang1) to facilitate
vascular destabilization and vessel sprouting.4
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The identification of a unique family of natural agonists
and competitive context-dependent antagonists implies
exquisite control over Tie2-mediated vascular plasticity
and perturbations in Tie2-regulated angiogenesis have
been documented in a number of skin lesions. Mice over-
expressing Ang1 in the skin develop highly branched der-
mal blood vessels that are larger than those seen in normal
skin.8 Dilated blood vessels with similar morphology have
also been observed in human patients with venous malfor-
mations arising as a result of gain of function mutations in
Tie2.9 Furthermore, expression of Tie2 and the angiopoi-
etins has been shown to be up-regulated in human pso-
riasis.10 Psoriasis is a chronic inflammatory skin disorder
characterized by epidermal hyperplasia, altered keratin-
ocyte differentiation, and expansion of the dermal vascu-
lature. Abnormalities in the microvasculature occur very
early during the progression of psoriasis and are required
for disease maintenance. In psoriatic lesions, affected
microvessels of the papillary dermis below the epidermal
surface display numerous distinctive morphological
changes such as dilatation and tortuosity in addition to
increased permeability.11

Here we demonstrate that conditional overexpression
of Tie2 from its minimal promoter drives expression in
endothelial cells and keratinocytes resulting in a revers-
ible skin disorder resembling human psoriasis. Trans-
genic mice display an increased number of large and
tortuous capillaries in the dermis accompanied by an
inflammatory infiltrate and an overlying hyperplastic epi-
dermis. Onset, progression, and maintenance of the pso-
riasiform phenotype rely on the continued expression of
the Tie2 transgene. Moreover, the skin phenotype can be
morphologically and histologically resolved on immuno-
suppressive cyclosporine A (CsA) treatment.

Materials and Methods

Generation, Genotyping, and Doxycycline/CsA
Treatment of Transgenic Mice

Construction of the driver transgene, pTek-tTA, and the
responder transgenes, pTetOS-Tek and pTetOS-nlsLacZ,
have been described previously.7,12 All transgenic lines
were maintained and genotyped as previously de-
scribed.7,12 The pTek-tTA driver and pTetOS-nlsLacZ re-
sponder transgenes were amplified using primers de-
scribed in Sarao and Dumont12 and the pTetOS-Tek
responder transgene was amplified using primers de-
scribed in Jones and colleagues.7 To repress pTetOS-Tek
responder transgene expression, 200 �g/ml of doxycy-
cline (Sigma Chemical Co., St. Louis, MO) supplemented
with 5% sucrose was added to the drinking water of
double-transgenic (DT) and normal wild-type (WT) mice.
Alternatively, DT and normal mice were orally fed every
third day with 80 mg/kg of CsA (Novartis Pharmaceuticals
Canada Inc, Dorval, Quebec, Canada), every day with 10
mg/kg of doxycycline or every day with saline alone for a
period of 12 days. Males were housed with a single
female for 14 to 20 days and then separated into individ-
ual cages. CD1 mice (an outbred mouse line) were main-

tained in a barrier-free facility that was exposed to
epizootic diarrhea of infant mice and mouse hepatitis
virus. After an extensive burnout procedure, subsequent
testing of sentinels revealed an absence of viral antigens.
Furthermore, the fertility of DT and WT animals was un-
affected. All adult mice used in these studies were 4 to 6
months old and unless otherwise specified, mice from
each age group (neonates or adults) were generated,
treated, and biochemically or immunohistochemically ex-
amined at least in triplicate (n � 3).

Cell Lines and Culture

The isolation of primary mouse (pm) and primary human
(ph) keratinocyte cells (KCs) used in this work have been
previously described.13,14 pmKCs were treated with 1
mmol/L CaCl2 to induce differentiation.13 Mouse endo-
thelioma cells were derived by infecting primary cells
from embryonic day 9.5 litters with a retrovirus coding for
the Polyoma virus middle T antigen15 and maintained in
Dulbecco’s modified Eagle’s medium (Invitrogen, Carls-
bad, CA) supplemented with 10% fetal bovine serum
(Sigma), 5 �mol/L �-mercaptoethanol (Sigma), 1 mmol/L
sodium pyruvate, 1% nonessential amino acids, 1% pen-
icillin-streptomycin, and 1% glutamine (Invitrogen) and
human umbilical vein endothelial cells were purchased
from the American Type Culture Collection, Rockville,
MD, and maintained in F-12 nutrient mixture (Invitrogen)
supplemented with 5 ng/ml of basic fibroblast growth
factor, 10 ng/ml of epidermal growth factor, 10 ng/ml of
Vegf (R&D Systems, Minneapolis, MN), 10% fetal bovine
serum, 0.1 mg/ml of heparin (ICN Biomedicals, Irvine,
CA), 1% penicillin-streptomycin, and 1% glutamine.
MCF-7 epithelial cells were maintained in improved mod-
ified Eagle’s medium (Invitrogen) supplemented with
10% fetal bovine serum, 1� penicillin-streptomycin, and
1� glutamine. All cultures were maintained on plastic
(Nunc, Naperville, IL) at 37°C in a humidified 5% CO2

atmosphere. Human umbilical vein endothelial cells were
maintained on plates coated with 2% gelatin (Sigma).

Gene Expression Analysis

Total RNA was isolated using Trizol reagent (Life Tech-
nologies, Inc., Grand Island, NY) and reverse transcrip-
tase (RT) for polymerase chain reaction (PCR) was per-
formed using the First-Strand cDNA synthesis kit
(Clontech, Palo Alto, CA). PCR was performed by ampli-
fying cDNA templates that were undiluted, diluted 1 in 10,
1 in 100, or 1 in 1000. Mouse and human vascular endo-
thelial (Ve)-cadherin and �Actin primers have been de-
scribed previously.16,17 Tie2 primers were designed to
amplify mouse and human sequences (327-bp regions)
and cross intron/exon boundaries. Tie2 forward primer
5�-GAT TTT GGA TTG TCC CGA GGT CAA G-3� and Tie2
reverse primer 5�-CAC CAA TAT CTG GGC AAA TGA
TGG-3�. The pTetOS-Tek template was detected using
primers described in Jones and colleagues.7
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LacZ Expression Analysis

Mouse skin tissue was fixed in 4% paraformaldehyde (pH
7.4) (Fisher Scientific, Pittsburgh, PA) for 4 hours at room
temperature, cryoembedded in optimal cutting tempera-
ture (OCT) compound (VWR International, Mississauga,
Ontario, Canada), sectioned (8 �m) on SuperFrost glass
slides (Fisher Scientific), and processed and stained for
nlsLacZ expression as previously described in Dumont
and colleagues.1

Immunoprecipitation and Western Analysis

Frozen tissues were homogenized in phospholipase C�
(PLC�) lysis buffer and equivalent amounts of cleared
extracts were precipitated with 1 �g of anti-Tie2 (C-20;
Santa Cruz Biotechnology, Santa Cruz, CA) or anti-DokR
antibodies, as described previously.18 Western blotting
was performed as described previously.18 Commercially
available antibodies used were as follows: polyclonal
anti-phospho-Tie2 (Calbiochem, La Jolla, CA), monoclo-
nal anti-phosphotyrosine 4G10 (Upstate Biotechnology,
Lake Placid, NY), polyclonal anti-phospho-Akt (New En-
gland Biolabs, Beverly, MA), polyclonal anti-Ang1
(Chemicon, Temecula, CA), polyclonal anti-Vegf (A-20;
Santa Cruz Biotechnology), and monoclonal anti-Actin
(A-40; Sigma). Monoclonal anti-Tie2 and polyclonal anti-
DokR have been described elsewhere.18 Densitometry
was performed using ImageQuant software (Molecular
Dynamics, Eugene, OR).

Vegf Enzyme-Linked Immunosorbent Assay

Fresh tissues were homogenized in radioimmune precip-
itation buffer (RIPA) lysis buffer19 and extracts were cen-
trifuged at 9,300 ref for 10 minutes. Total protein was
quantified using Bradford reagent and Vegf was quanti-
fied as described in the Quantikine M kit (R&D Systems).
Plates were read using a Benchmark Plus microplate
spectrophotometer (Bio-Rad, Hercules, CA).

Gelatin Zymography

Fresh tissues were homogenized in 500 mmol/L Tris-HCl,
pH7.6, 200 mmol/L NaCl, 10 mmol/L CaCl2, and 1%
Triton X-100 and equal amounts of cleared lysate were
loaded onto a 12.5% sodium dodecyl sulfate-polyacryl-
amide gel co-polymerized with 1 mg/ml of gelatin. Elec-
trophoresis was performed under nonreducing condi-
tions at 100 V for 4 hours. Gels were washed overnight in
2.5% Triton X-100 to remove sodium dodecyl sulfate and
were then incubated in substrate buffer (50 mmol/L Tris-
HCl, pH 8.8, 5 mmol/L CaCl2) for 40 hours at 37°C. Gels
were then stained with 0.5% Coomassie blue in 30%
methanol/10% acetic acid for 2 hours at room tempera-
ture and destained in 50% methanol/10% acetic acid.
The presence of metalloproteinases was indicated by
unstained proteolytic zones in the gel. Densitometry was
performed as described above.

Morphological and Histological Analysis

Gross pathology screens were performed by the Centre
for Modeling Human Disease at the Samuel Lunenfeld
Research Institute (www.cmhd.ca). Mice were photo-
graphed using a Cybershot digital camera (Sony). Skin
tissue was isolated from approximately the same anatom-
ical site on the back of all DT and normal mice. Skin tissue
was fixed in 4% paraformaldehyde (pH 7.4) solution for 4
hours at room temperature, embedded in paraffin, sec-
tioned (6 �m) on SuperFrost glass slides, and processed
and stained for hematoxylin and eosin (H&E) or toluidine
blue using standard techniques. Slides were analyzed on
a Zeiss Axioplan 2 light microscope (Carl Zeiss, Thorn-
wood, NY) and photos were processed using Adobe
Photoshop v6.0 (Adobe Systems, San Jose, CA).

Immunohistochemical Analysis

Mouse skin tissue was fixed in Histochoice (Amresco,
Solou, Ohio) for 4 hours at room temperature, cryoem-
bedded in OCT compound, and sectioned (8 �m) on
SuperFrost glass slides. For immunohistochemistry, anti-
Panec (rat; Pharmingen, La Jolla, CA), anti-Pecam1 (rat;
Pharmingen), anti-SMA (mouse; DAKO, Carpinteria, CA),
and anti-CD3 (hamster; Pharmingen) primary antibodies
were detected using biotinylated secondary antibodies
as described in the Vectastain Elite ABC kit (Vector Lab-
oratories, Burlingame, CA). Slides were processed and
counterstained with methyl green using standard tech-
niques. Slides were analyzed and photos were pro-
cessed as above.

Lectin and Immunofluorescent Analysis

Mice were anesthetized and injected intravenously via
the tail vein with 100 �g of fluorescein isothiocyanate-
labeled Lycopersicon esculentum (Vector Laboratories)
and perfused with 0.5% glutaraldehyde and 1% parafor-
maldehyde (pH 7.4) at 120 to 140 mmHg. Mouse skin
tissues were cryoembedded in OCT compound and sec-
tioned (100 �m) on SuperFrost glass slides. For confocal
analysis, a Cy3-labeled anti-SMA primary antibody (goat;
Sigma) was used and anti-Panec (rat; Pharmingen) or
anti-Pecam1 (rat; Pharmingen) primary antibodies were
detected with Cy3-conjugated secondary antibodies
(Jackson Laboratories, Bar Harbor, ME) and anti-Tie2
(rat; Tek4) antibodies20 were detected with fluorescein
isothiocyanate-conjugated secondary antibodies (Jack-
son Laboratories). Slides were analyzed on a Zeiss Ax-
iovert 100 M confocal microscope (Carl Zeiss) for three-
dimensional image reconstruction and photos were
processed as above.

Quantitative Analysis of Epidermal Thickness
and Blood Vessel Morphology

Epidermal thickness and blood vessel area density, num-
ber, and diameter were measured in sections from equiv-
alent areas of DT and WT adult skin stained with H&E or
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lectin using Zeiss LSM Image Examiner v3.2 (Carl Zeiss)
and Adobe Photoshop v6.0. All measurements were
made on three fields per skin section and three skin
sections per group (n � 3). Vessel density was deter-
mined by overlaying three-dimensional reconstructed im-
ages of thick sections (100 �m) of skin with a computer-
generated delineation of the fluorescent blood vessels.
The vessel area density was then calculated and ex-
pressed as a percentage of the total area of the section of
skin. Vessel numbers were quantified in thin cross-sec-
tions (8 �m) and diameters of the largest vertical vessels
that run up the length of the reticular layer of the dermis
were measured in thick sections (100 �m).

Results

Increased Tie2 Signaling in DT Mice

To examine the consequences of Tie2 overexpression,
we have used a previously described binary transgenic
system to specifically regulate expression of Tie2 using a
Tie2 promoter.7,12 Briefly, the tetracycline-responsive
transactivator, tTA, expressed from the Tie2 promoter
(driver transgene) associates with the tTA binding site or
tetracycline operating sequence (TetOS) upstream of the
Tie2 cDNA (responder transgene) to allow expression of
Tie2 (Figure 1a). Repression of transgene expression
occurs rapidly on administration of a tetracycline analog
known as doxycycline. Previous expression analysis of
this driver line in early embryos (not shown) and immu-
nostaining for Tie2 and pan endothelial cell (Panec)
marker in adult skin indicated that this promoter drives
transgene expression in endothelial cells (Figure 1b).
However, expression analysis in adult skin revealed that
the promoter additionally drives expression in keratino-
cytes and epithelial cells of the hair follicle (Figure 1; c to
e). To further address the potential role for Tie2 in kera-
tinocytes, Tie2 expression was examined by semiquanti-
tative RT-PCR using RNA extracted from primary mouse
(pm) and primary human (ph) KCs. The relative abun-
dance of Tie2 in pmKCs is low although comparable to
that of mouse endothelial cells when normalized to �Actin
levels (Figure 1f). Importantly, both mouse and human
keratinocytes do not express the endothelial-specific
gene vascular endothelial (Ve)-cadherin, suggesting that
both primary keratinocyte preparations did not possess
contaminating endothelial cells. Interestingly, when
treated with calcium to induce terminal differentiation,
Tie2 expression is down-regulated in pmKCs (pmKC�)
suggesting that Tie2 may play a role in precursor or
undifferentiated keratinocytes. Several other mouse cell
lines tested also exhibit Tie2 expression, including prea-
dipocyte, embryonic fibroblast, and neuroblastoma cells
(not shown), suggesting an alternative, potentially non-
angiogenic role for the receptor in these cell types. Fur-
ther examination of Tie2 expression by semiquantitative
RT-PCR using RNA extracted from the ear and skin of
both WT and DT animals indicates that Tie2 transgene
expression levels are higher in the ear than in the skin
(Figure 1g). Accordingly, Tie2 immunoprecipitates of pro-

Figure 1. Tie2 expression in DT mice. a: Schema of the two transgenes used
in these studies to produce the driver line (top) and the responder line
(bottom). b: Panec (green) and Tie2 (red) co-staining on a section from
adult skin demonstrates co-localization (yellow) of Tie2 with an endothelial
cell marker (white arrowheads). c–e: Analysis of Tie2-driven LacZ expres-
sion in the skin of DT mice. Expression of the nlsLacZ transgene is seen in
endothelial cells (arrows), keratinocytes (black arrowhead), and epithelial
cells of hair follicles (gray arrowhead) (c). Increased magnification of
insets in c show keratinocytes (d) and epithelial cells of hair follicles (e). f:
Semiquantitative RT-PCR analysis of Tie2 and Ve-cadherin expression was
completed on RNA isolated from primary mouse (pm) and human (ph) KCs.
Tie2 expression is down-regulated in pmKCs on treatment with calcium
(pmKC�). Mouse endothelioma cells and human umbilical vein endothelial
cells are positive whereas MCF-7 cells are negative for Tie2 and Ve-cadherin
expression. The �Actin control demonstrates the presence of amplifiable
RNA in all samples. cDNA templates were undiluted, diluted 1 in 10, 1 in 100,
or 1 in 1000, as illustrated by the wedge. g: Semiquantitative RT-PCR analysis
of the Tie2 transgene was performed on RNA isolated from the ear and skin
of DT and normal or WT adult mice. Expression of the Tie2 transgene can be
readily detected in the ear and skin of a DT adult mouse. The �Actin control
indicates the presence of amplifiable RNA. cDNA templates were diluted as
above. Scale bars, 100 �m.
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tein lysates prepared from the same mice reveal an ap-
proximate 10- to 20-fold increase in Tie2 expression rel-
ative to endogenous levels in the skin and ear,
respectively, on immunoblotting for Tie2 (Figure 2a). In-
terestingly, immunoblotting with a phosphorylation state-
specific antibody for Tie2 that recognizes phosphory-
lated tyrosine residues in the carboxy terminal tail of the
receptor21 demonstrates that the receptor is activated in
the ear and skin of DT animals (Figure 2a). The presence
of the agonistic Tie2 receptor ligand Ang1 in the skin of
DT animals supports this observation (Figure 2b) al-
though the potential exists for Ang2 to stimulate Tie2
phosphorylation in this context22 because Ang2 mRNA
can be weakly detected in the skin of both WT and DT
mice (not shown). Activation of the receptor was also
measured through the analysis of various signal trans-
duction molecules known to be stimulated downstream of
Tie2. Activated thymoma viral proto-oncogene 1 (Akt)
[also known as protein kinase B (Pkb)] is present in
lysates prepared from both the skin and ear of DT mice
and the presence of activated Akt in the skin of WT
animals is consistent with the role of Tie2 in transducing
an ongoing survival stimulus to endothelial cells through
this kinase (Figure 2a).23 Additionally, phosphorylation of

downstream of kinase-related (DokR), a known binding
partner and substrate of Tie2,18 is particularly evident in
DokR immunoprecipitates of skin lysates where co-immu-
noprecipitation of the phosphorylated receptor can also
be detected (Figure 2a). Increased secretion and activa-
tion of the matrix metalloproteinases (Mmps) Mmp2 and
Mmp9 in the ear and skin of DT animals as determined by
gelatin zymography is in agreement with recent reports
demonstrating that Ang1 signaling can positively regu-
late their secretion from endothelial cells (Figure 2d).24

The relationship between Mmp2 and Vegf expres-
sion25–27 as well as the potential for MMP9 to mobilize
bound Vegf from the extracellular matrix28 further
prompted us to examine Vegf levels in mice overexpress-
ing Tie2. Immunoblot analysis indicates the presence of
Vegf in the skin of DT mice (Figure 2b) and enzyme-
linked immunosorbent assay demonstrates 1.4- and 2.5-
fold increases in Vegf in the ear and skin, respectively, of
DT animals (Figure 2c). Taken together, these biochem-
ical results illustrate an increase in both Tie2 expression
and Tie2-signaling intermediates in DT animals; however,
because of the expression of Tie2 in keratinocytes, one is
unable to unequivocally ascribe all of these activities to
the activation of Tie2 in endothelial cells.

Figure 2. Increased Tie2 expression and signal transduction in DT mice. a: Tie2 immunoprecipitates from lysates extracted from the ear and skin of DT and normal
(WT) adult mice were immunoblotted with antibodies recognizing phosphorylated Tie2 (pTie2). The blot was then reprobed with anti-Tie2 antibodies. Increased
expression and phosphorylation of Tie2 can be observed in DT mice. Lysates were also immunoprecipitated with anti-DokR antibodies and immunoblotted with
antibodies recognizing phosphotyrosine (pY). The blot was then reprobed with antibodies recognizing DokR. IgG indicates the position of IgG. Nonimmuno-
precipitated lysates (lysate) were incubated with antibodies recognizing either phosphorylated Akt (pAkt) or Actin. b: Nonimmunoprecipitated lysates extracted
from the skin of two different pairs of DT and WT adult mice were immunoblotted with antibodies recognizing Ang1, Vegf, or Actin. c: Vegf protein levels as
determined by enzyme-linked immunosorbent assay from lysates prepared from the ear and skin of three different pairs of animals. The fold-increase in Vegf
expression in DT over normal mice was determined by densitometry. d: Gelatin zymography was performed on lysates prepared from the ear and skin of DT
and WT mice. The positions of the 92-kd pro- (proMmp9) and 84- and 82-kd active (actMmp9) forms of Mmp9 are indicated as well as the 72-kd pro- (proMmp2)
and 62-kd active (actMmp2) forms of Mmp2. C indicates the position of the positive controls. The fold-increase in Mmp activity in DT over normal mice was
determined by densitometry of this representative experiment.
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Tie2 Overexpression Induces Skin Abnormalities

Several abnormalities are apparent on general inspection
of all male and female DT mice when compared with WT
littermates. Beginning at approximately postnatal day 5
(P5), the skin of DT neonates is marked by extensive
erythema and loosely adherent silver-white scaling (Fig-
ure 3a). This skin phenotype persists in older animals in
which the emerging hair appears dull and sparse when
compared with littermate controls and is covered with
focal areas of scaling (Figure 3b) that extend to the tail
(Figure 3c). Patches of thickened erythematous skin are
particularly noticeable in adult animals around the eyes
and snout (Figure 3d) as well as on the ears (Figure 3e)
and other extensor surfaces including the knuckles of the
legs and nape of the neck (not shown). Although the skin
phenotype is fully penetrant, the severity varies in animals
within and across litters likely because of the random
bred background (CD1) of the mice. More severely af-
fected animals display patchy alopecia (Figure 3, b and
d) as well as yellow-brown discoloration of the nails (not
shown). There is also an increased genesis of skin le-
sions at sites of trauma that subsequently become large,
thickened, and ulcerated (reminiscent of Koebner phe-
nomenon). Furthermore, DT mice fail to thrive and their
sizes are on average 20 to 25% smaller than their WT
littermates (Figure 3, a and b). Although complete phys-
iology and pathology screens have revealed no other
phenotypic differences between DT and WT mice, older
DT animals sporadically develop a white opacity or

cloudiness of the eye indicative of an age-related cata-
ract (not shown).

Histological Changes in Skin Lesions of
Affected Mice

Histological examination of thin sections of the skin ob-
tained from moderately affected animals demonstrates
mild epidermal thickening (hyperplasia) in the skin of the
ear, head, and back (Figure 4; b and c, f and g, j and k,
respectively) when compared to WT littermates (Figure 4;
a, e, and i). More severely affected animals exhibit zones
of prominent hyperplasia reflecting regionally variable
increases in the number of cell layers in the squamous
epithelium (acanthosis) (Figure 4; d, h, and i). Quantita-
tive analysis of the epidermis reveals an increase in epi-
dermal thickness in DT animals approximately three
times that seen in WT littermates (Table 1). In some
regions of epidermal expansion, uneven elongation of
structures resembling rete pegs extend downward into
the dermis (Figure 4h) although the density of hair folli-
cles in the mouse skin makes it difficult to rule out the
possibility that these structures could also arise as a
consequence of altered hair growth in these regions.
Serial sections of elongated structures that extend very
deep into the dermis demonstrate that these structures
encompass hyperplastic hair follicles. The skin of DT
mice also includes an increased amount and density of
cornified material (compact hyperkeratosis) and areas
where nucleated cells are present in the cornified layer
(focal parakeratosis). Epidermal alterations in DT mice
are accompanied by focal dermal inflammatory infiltrates
of mononuclear cells consisting primarily of lymphocytes
(Figure 4; f to h) with dispersed macrophages and mast
cells. In some areas of skin from severely affected mice,
aggregates of neutrophilic polymorphonuclear leuko-
cytes are conspicuous, forming microabscesses within
the epidermis (Figure 4f). An increase in the number of
blood capillaries with dilated and tortuous changes is
also observed in the dermis of DT mice (Figure 4; b to d,
f to h, and j to l). The abnormal proximity of blood vessels
in the dermal papillae to the overlying parakeratotic scale
in regions manifesting thinned epidermis may explain the
observed phenomenon of multiple, minute bleeding
points when a scale is lifted from the skin (positive Aus-
pitz sign).

Inflammatory Cell Recruitment and Increased
Vessel Density in Skin of DT Mice

The inflammatory infiltrate in the skin of DT mice was
further characterized immunohistochemically using anti-
bodies specific for the mature T lymphocyte marker CD3
and toluidine blue staining was used to identify baso-
philic mast cells. As indicated by the purple-stained cells,
an apparent increase in the number of dermal mast cells
can be seen in the dermis of DT skin when compared to
WT littermate skin (Figure 5, a and b). Similarly, CD3-
immunoreactive T lymphocytes localize to the dermis and

Figure 3. Excess Tie2 expression induces skin abnormalities in DT mice. a:
A DT mouse (right) and a normal (WT) littermate (left) at 7 days of age.
Erythema and scaling can be observed on the head, back, and tail of the
affected mouse. b: A DT mouse (right) and a normal littermate (left) at 2
weeks of age. Note the abnormal appearance of the fur with superficial
scaling on the head, lower back, and tail. c: Prominent scaling and redness
on the tail of a DT mouse (right) compared to a normal littermate (left) at
2 weeks of age. d: A DT adult mouse with prominent redness around the
eyes, ears, and snout. e: Comparison of ear skin shows increased redness and
keratinization on the skin surface of DT mice that is not observed in WT
littermates.
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epidermis of affected skin while fewer cells are found in
WT littermate skin (Figure 5, d and c).

Analysis of pan endothelial cell (Panec) marker (Figure
5, e and f) and platelet and endothelial cell adhesion
molecule-1 (Pecam1) (Figure 5, g and h) staining in DT
and WT littermates demonstrates larger and more tortu-
ous blood vessels immediately below the epidermis in the
skin of DT animals compared to WT littermates (5, e and
g). Staining for the myogenic lineage marker smooth
muscle actin (Sma) indicates the presence of mesenchy-
mal support cells around vessels in the lower part of the
dermis of both WT and DT skin (Figure 5, i and j).

Morphological alterations in the microvasculature can
be further visualized by three-dimensional confocal mi-
croscopy of fluorescein isothiocyanate-conjugated lectin-
perfused animals. Thick sections from these animals
were immunohistochemically stained with Sma, Panec, or
Pecam1 (not shown) antibodies to visualize smaller ves-
sels closer to the epidermis. Horizontal vessels compris-
ing the subpapillary plexus and deeper cutaneous plexus
are larger in DT than WT skin and often extend great

distances in close proximity to the hyperproliferative epi-
dermal layer (Figure 6; compare b and c to a, and e and
f to d). Additionally, the diameter of vertical vessels that
initiate in the subcutaneous tissue and run (up) the length
of the reticular layer of the dermis is maintained near the
epidermis (Figure 6, b and c). Despite their increased
diameter, these vessels remain poorly enveloped by
Sma-positive support cells beyond the subcutaneous tis-
sue (Figure 6, b and c). Elongated large lateral microves-
sels supply the hair follicles and sweat glands of DT skin
(Figure 6, e and f); however, in deeper layers of the
dermis in regions where such structures are absent, di-
lated vessels with large lumens reminiscent of mother
vessels29 are observed (Figure 6f). Quantitative analysis
of blood vessel area densities, numbers, and diameters
in the skin of DT and WT adult animals reveal increased
densities and diameters in DT skin compared to WT
littermates but no significant change in vessel numbers
(Table 1). Taken together, the vascular expansion in Tie2
overexpressing mice appears not to be because of an
increased number of vessels or vessel sprouting, but

Figure 4. Histological analysis of the skin of DT mice. a–l: H&E staining of skin sections from the ear, head, or back of either adult WT mice (a, e, and i), or
moderate (b, c, f, g, j, and k) or severely affected (d, h, and l) DT mice. Note the progression in epidermal thickening from moderately affected skin to severely
affected skin and the extension of structures resembling rete pegs in the dermis in some regions (asterisk in h). Also note the increased vessel area density
(arrows) in DT animals in the dermal papillae with lymphocytic infiltration (black arrowheads). Pockets of neutrophils can also be seen in the cornified layer
forming a microabscess (red arrowhead) and in other areas throughout the dermis. Scale bar, 50 �m.

Table 1. Quantitation of Epidermal Thickness and Blood Vessel Morphology in Wild-Type (WT) and Double-Transgenic (DT) Mice

Epidermal thickness
(�m)

Vessel area density
(%)

Vessel
number

Vessel diameter
(�m)

WT 26.3 � 6.4 0.09 � 0.02 28.9 � 9.1 16.0 � 3.0
DT 74.1 � 10.3* 0.24 � 0.05* 25.2 � 7.8 33.7 � 8.9*

*Significantly different from corresponding value for WT mice (P � 0.05, Student’s t-test).
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rather because of a consistent and general increase in
vessel size.

Tie2 Transgene Expression Is Required to
Maintain Skin Alterations in DT Mice

To investigate whether excessive Tie2 expression is re-
quired to maintain the skin abnormalities in DT mice, Tie2
transgene expression was repressed in both P7 and
adult mice using doxycycline. In the case of the P7 pups,
lactating mothers were fed doxycycline in their drinking
water to extinguish transgene expression.7,12 Analysis of

Tie2 immunoprecipitates from lysates prepared from ears
of DT and WT mice before and after doxycycline treat-
ment demonstrates that the levels of Tie2 from doxycy-
cline-treated DT animals are comparable to those seen in
WT littermates, thereby illustrating that repression of the
transgene leads to a complete reduction in excess Tie2
production (Figure 7a). Before doxycycline treatment, af-
fected neonates can be readily identified by extensive
superficial scaling and reddening of the skin (Figure 7,
compare c to b). However, within 4 days of continued
administration of doxycycline, DT neonates demonstrate
striking improvements in the appearance of the skin and
fur and are almost indistinguishable from unaffected WT
littermates (Figure 7, compare e to d). Similarly, in adults
treated with doxycycline for a period as short as 7 days,
the erythematous characteristics of the affected animals
before treatment (Figure 7, compare g to f) are markedly
improved and the ears in particular become progres-
sively less red (Figure 7, compare i to h). Histological
analysis of skin sections obtained from DT or WT litter-
mates both before and after doxycycline treatment
clearly demonstrate the transition from a hyperplastic
epidermis with prominent inflammation (Figure 7, j and m)
to a thinned epidermis resembling the normal counterpart
after doxycycline administration (Figure 7, k and n, com-
pared to l and o, respectively). Similarly, blood vessels
comprising the papillary and reticular layers of the dermis
decrease in diameter and the vessel density appears
reduced as vessels become less tortuous (Figure 7, k
and n).

Resolution of Tie2-Induced Skin Abnormalities
by CsA Treatment

The epidermal abnormalities, leukocytic infiltration, and
increased dermal vascularity observed in mouse skin
after overexpression of the Tie2 transgene are consistent
with the pathology of human psoriasis. To further confirm
this, we evaluated the therapeutic response of DT mice to
accepted anti-psoriatic treatments. Analysis of Tie2 im-
munoprecipitates from lysates prepared from the skin of
DT and WT mice before and after CsA treatment illus-
trates that the levels of Tie2 from CsA-treated DT animals
remain unchanged comparable to those seen in un-
treated DT animals; however, the phosphorylation state of
the receptor is comparable to that seen in WT and doxy-
cycline-treated DT animals, showing that treatment with
CsA leads to a reduction in excess Tie2 activation (Figure
8a). Severely affected adult DT mice were administered
systemic CsA and resolution of the skin phenotype
(scored by loss of scaling on the tail, increased hair
luster, and decreased reddening of the ears and skin
around the eyes and snout) was monitored and com-
pared to age-matched DT mice treated with doxycycline.
Remarkably, DT animals treated with CsA display a pro-
nounced improvement in the skin phenotype (Figure 8,
compare e to d) that is comparable to that seen on
initiation of doxycycline treatment in DT mice (Figure 8,
compare c to b). Parallel drug treatment of WT mice had
no effect on skin morphology or histology (not shown).

Figure 5. Immunohistological analysis of the skin of DT mice. a and b:
Toluidine blue staining of thin sections reveals infiltration of mast cells
(purple staining) throughout the dermis of DT (b, arrowheads) but not WT
mice (a). c and d: Staining of thin sections for the presence of CD3-positive
lymphocytes illustrates an apparent increase in T cells in the subepidermal
layer of DT mice (d, arrowheads) compared to WT littermates (c). e–j:
Immunohistochemical staining for Panec, Pecam1, and Sma in skin sections
from a DT and WT adult mouse. Staining with the endothelial cell markers
Panec (e and f) and Pecam1 (g and h) reveals large vessels closer to the
epidermis in DT (f and h, arrowheads) compared to WT (e and h) mice.
Sma positivity marks large supported vessels in the deep dermis of both DT
and WT skin (arrowheads in i and j). In all sections, the dermo-epidermal
junction is indicated with arrows. Scale bars: 50 �m (a–j); 100 �m (k and l).
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Figure 6. Increased vessel size and tortuousity in DT mice. Thick sections (100 �m) of skin from animals perfused with a fluorescein isothiocyanate-labeled lectin
(green) were stained with anti-Sma or anti-Panec antibodies (red) and visualized by confocal microscopy. a: Examination of skin from WT mice reveals vertical
vessels connecting the cutaneous plexus to the subpapillary plexus that gradually decrease in diameter as they extend toward the epidermis and become
progressively less positive for Sma (arrow) despite remaining lectin-positive (arrowhead). Capillaries in the papillary layer of the dermis of WT mice also stain
positive for lectin alone (arrowhead). b and c: Examination of skin from two DT mice reveals large vertical vessels connecting the cutaneous plexus to the
subpapillary plexus that do not decrease in diameter toward the epidermis (arrowheads in b). The indicated vessel also appears to retain increased diameter
on bifurcation. The small Sma-negative capillaries below the epidermis of WT skin are replaced by large vessels that remain Sma-negative in DT skin (arrow in
c). d–f: The lack of Sma staining within the subpapillary plexus is not because of problems with antibody penetration because similar thick sections stained with
Panec demonstrate an intricate vascular bed beneath the epidermis in both WT (d) and DT (e and f) mice. The dermal vasculature of DT skin appears more
complex than that of WT skin because vessels stained with Panec are generally of greater diameter (arrow in e) and appear more tortuous, especially around
hair follicles (arrowheads in e). In addition, vessels with large lumens (arrow in f) and tangled vessels (arrowhead in f) can be seen throughout the dermis.
Scale bar, 50 �m.

Figure 7. Repression of Tie2 transgene expression with doxycycline re-
verses the abnormal skin phenotype seen in DT mice. a: Western blot
analysis of Tie2 isolated from ears of adult mice demonstrates the reduction
in Tie2 expression levels after 7 days of doxycycline (Dox) administration.
b and c: A DT pup (c) displaying the abnormal skin phenotype and a WT
littermate (b) at 7 days of age before doxycycline treatment. d and e: The
DT (e) and WT (d) pups from above shown at 11 days of age after 4 days
of doxycycline treatment. f and g: A DT adult (g) displaying the abnormal
skin phenotype and an age-matched WT adult (f) before treatment with
doxycycline. h and i: The DT (i) and WT (h) adults from above shown after
treatment with doxycycline for 7 days. j–o: H&E staining of skin sections
taken from either littermate or age-matched counterparts of the DT and
WT pups (j–l) and adults (m–o) from above demonstrates that the
abnormal skin seen in untreated DT pups and adults (j and m) becomes
architecturally comparable to that seen in WT counterparts (l and o) on
the addition of doxycycline (k and n). Note in particular the thinning of
the superficial epidermis of the squamous epithelium in treated DT mice (k
and n). Scale bar, 40 �m.
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Alleviation of the gross skin phenotype (Figure 8, com-
pare h and i to g) is accompanied by histological
changes in the skin including epidermal thinning and
reduced dermal cellularity and vascular density compa-
rable to that seen in WT mice (Figure 8f). Three-dimen-
sional reconstruction of the vasculature, as visualized by
Panec (Figure 8; j to m) and Pecam1 (not shown) immu-
nostaining, demonstrates that blood vessels of CsA-
treated DT mice (Figure 8m) are comparable in size and
structure to those in doxycycline-treated DT (Figure 8l)
and WT mice (Figure 8j). The vessels are generally
smaller in diameter than those of untreated DT mice
(Figure 8k) and they appear to retract from the epidermis
and become less tortuous around hair follicles and sweat
glands.

Discussion

The results presented here demonstrate that transgenic
expression of Tie2 in endothelial cells and keratinocytes
results in vascular changes reminiscent of those de-
scribed in human psoriasis. Although known as predom-
inantly an endothelial-specific receptor tyrosine kinase,
our finding that Tie2 is also expressed in keratinocytes is
consistent with more recent studies demonstrating Tie2
expression in other nonendothelial cell types, including
hematopoietic stem cells,30,31 neutrophils,32 perivascular
mesenchymal cells in normal and diseased tissues,33–36

fibroblast-like cells of choroidal neovascular mem-
branes,37 and endometrial epithelial and stromal cells.38

Although the mechanism by which Tie2 signaling in the

Figure 8. Resolution of the psoriasiform skin phenotype with CsA treatment.
DT or WT animals were treated for 12 days with either doxycycline (DT�Dox)
or CsA (DT�CsA) or with saline alone (DT). a: Western blot analysis of Tie2
isolated from skin of adult mice demonstrates the reduction in Tie2 phosphor-
ylation levels after 12 days of doxycycline or cyclosporine administration. b–e:
The scaly red appearance of the tail in untreated DT mice (b and d) is resolved
in DT mice treated with either doxycycline (c) or cyclosporine (e) and the tail
more closely resembles that of a WT littermate (not shown). f–i: Histological
analysis (H&E) of thin sections taken from these animals illustrates pronounced
epidermal thinning and reduced dermal cellularity in mice treated with either
doxycycline (h) or cyclosporine (i) when compared to untreated DT mice (g)
and the skin more closely resembles that of the WT counterpart (f). j–m:
Analysis of blood vessel architecture as visualized by Panec staining of thick
sections taken from lectin-perfused WT animals (j) or DT animals treated with
either doxycycline (l) or cyclosporine (m) demonstrates a dramatic decrease in
vascular density when compared to untreated DT mice (k). Scale bar, 50 �m.

852 Voskas et al
AJP March 2005, Vol. 166, No. 3



epidermis contributes to the manifestation of a psoriasis-
like phenotype remains to be determined, it is possible
that Tie2 may be mediating its effects in a precursor or
stem cell that is able to give rise to differentiated keratin-
ocytes. Such a role for the receptor is suggested by the
down-regulation of Tie2 in primary mouse keratinocytes
that have been induced to differentiate on treatment with
calcium. Furthermore, the potential for Tie2 to mediate a
biological role in epidermal stem cells is supported by
recent reports describing an ability for epidermal progen-
itor cells and transient amplifying cells or follicular stem
cells to incorporate into the vasculature of the ischemic
limb of a diabetic mouse model or the skin of a wounded
mouse recipient, respectively.39,40

Previous experiments examining the effects of expres-
sion of angiogenic regulators in the skin have determined
that although overexpression of Vegf in the epidermis
produces abundant tortuous vessels accompanying a
psoriasiform skin phenotype,41–43 epidermal expression
of Ang1 results in an increase in vessel number and
diameter without the development of psoriatic lesions.8

The dermal microvasculature in mice overexpressing
Tie2 is characterized by an increased number of elon-
gated and dilated capillaries that are tortuous in nature.
The composite vascular phenotype observed after Tie2
overexpression suggests that dynamic regulation of the
receptor by the angiopoietin family of ligands,3,4,44 in
coordination with other angiogenic modulators including
Vegf,45,46 may be an important factor in the pathogenesis
of psoriasis. Activation of Tie2 in the skin here correlates
with enhanced expression of the agonistic Tie2 receptor
ligand Ang1 and the concomitant rise in Vegf protein may
be a result of metalloproteinase action. Importantly, al-
tered expression and activation of Mmp2 and secretion of
pro-Mmp9 have previously been detected in human pso-
riatic epidermis.47,48

Morphological changes in the vasculature of mice
overexpressing Tie2 are accompanied by altered epider-
mal proliferation and differentiation as well as leukocytic
infiltration characteristic of human psoriasis. Both Ang1
and Ang2 have been shown to be up-regulated with Tie2
in human psoriatic skin lesions and treatment of such
lesions correlates with a decrease in expression of Tie2
and its ligands.10 Accordingly, repression of transgene
expression in mice overexpressing Tie2 results in marked
mitigation of the skin phenotype. Remarkably, treatment
of these mice with immunosuppressive CsA therapy also
significantly ameliorates the skin lesions. However,
whether resolution is because of the effect of CsA on
keratinocyte, endothelial, or immune cells is unknown
because it has been shown to directly influence the biol-
ogy of all three cell types.43,49,50 These findings collec-
tively indicate a strong interdependency between Tie2-
mediated activation of keratinocytes, angiogenesis, and
inflammation in the development and maintenance of this
psoriasiform phenotype in mice. At present, several en-
gineered and spontaneous animal models of psoriasis
exist. Most display various hallmarks of the disease but
because of the polygenic nature of psoriasis, these ani-
mal models represent only a partial phenocopy of the
skin disorder.51 A recent report by Xia and colleagues52

describes a transgenic Vegf mouse model of psoriasis in
which animals develop numerous features of psoriasis
including epidermal, vascular, and inflammatory alter-
ations. This phenotype could be reversed by the treat-
ment of animals with soluble Vegf receptors, illustrating a
dependence on Vegf to maintain the phenotype. Whether
classic anti-psoriatic therapies showed any efficacy was
not reported. Currently, several investigators have devel-
oped xenograft models using immunocompromised scid/
scid recipients that either transfer activated human T cells
or graft human psoriatic plaques to mouse skin.53,54 Al-
though these models provide an excellent representation
of the disease, they require access to human tissue sam-
ples and are highly complex and technically involved.
The spontaneous mouse mutant, flaky skin (fsn/fsn), pro-
vides a close mouse model of psoriasis as it exhibits
many of the key epidermal, vascular, and inflammatory
skin alterations55 but its lack of response to CsA treat-
ment suggests that this phenotype is not immunologically
based and consequently hinders its utility in psoriasis
research. Thus, the transgenic mice described in this
study, which not only develop skin lesions typical of
human psoriasis but also respond to CsA, represent a
promising new mouse model of psoriasis.

Presently there exists a large body of evidence sug-
gesting that psoriasis is an autoimmune disorder driven
by an inflammatory response.56 Alternatively, it has also
been proposed that an initial proliferation of keratinocytes
may be the most critical component in the pathogenesis
of psoriasis and that inflammation is secondary to this
response.57 Here we present evidence suggesting that
the epidermis and vasculature play pivotal roles in the
development of a psoriasiform disorder in mice. Although
the etiological significance of each of these component
responses in psoriasis remains to be clearly defined, the
complete dependence on Tie2 transgene expression to
maintain a psoriasis-like phenotype implies that fluctua-
tions in expression of a single modulator may be suffi-
cient for the initiation and/or progression of the diseased
state. The unique ability to modulate Tie2 expression
levels and monitor pathogenic features of disease pro-
gression in this model will provide a useful biological tool
for the development and testing of novel molecular anti-
psoriatic therapies. Moreover, breeding experiments with
the vast array of engineered mouse mutants that affect
various aspects of keratinocyte, endothelial, or immune
cell biology may provide further insight into the role of
each of these cell types in the manifestation of psoriasis.
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