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Angiopoietin-I (Angl) and vascular endothelial growth factor (VECF) are en- 
dothelial celCspecific growth factors. Direct comparison of transgenic mice 
overexpressing these factors in the skin revealed that the VECF-induced blood 
vessels were leaky, whereas those induced by Angl  were nonleaky. Moreover, 
vessels in  Angl-overexpressing mice were resistant t o  leaks caused by inflam- 
matory agents. Coexpression of Angl  and VECF had an additive effect on 
angiogenesis but resulted in  leakage-resistant vessels typical of Angl. Angl  
therefore may be useful for reducing microvascular leakage in diseases in  which 
the leakage results from chronic inflammation or elevated VECF and, in  com- 
bination wi th  VEGF, for promoting growth of nonleaky vessels. 

Angiopoietin-1 (Angl) and vascular endothe- 
lial growth factorIvascular permeability fac- 
tor (VEGF) play separate but essential roles 
in vascular development during embryogen- 
esis: VEGF acts early in development during 
formation of the initial vascular plexus, 
whereas Angl acts during the subsequent 
remodeling of the vasculature into a hierar- 
chical network of mature vessels composed 
of endothelial and adventitial cells (1).  Con- 
sistent with their putative roles in vascular 
development, Angl or VEGF overexpressed 
in mouse skin results in increased vascularity 
(2, 3). Dermal microvessels of mice overex- 
pressing Angl (Kl4-Angl mice) are signifi- 
cantly larger than normal and the skin ap- 
pears reddened (2). In comparison, dermal 
microvessels of mice overexpressing VEGF 
(K14-VEGF mice) are unusually numerous 
and show signs of inflammation, including 
increased adhesion of leukocytes (3). The ear 
skin of mice overexpressing VEGF is also 
thickened (3), which is consistent with the 
presence of tissue edema due to the perme- 
ability increasing action of VEGF (4, 5). 

To explore the possibility that the in- 
creased skin thickness in K14-VEGF mice 
(3) was due to the permeability-increasing 
actions of VEGF, we generated a similar line 
of mice (6 ) .  As with Kl4-Angl mice, the 
skin of K14-VEGF mice was redder than 
normal, but, unlike the skin of K14-Angl 
mice, it was also thicker than normal (Fig. I), 
with regions of increased cellularity and foci 
of inflammatory cells. In addition, at 10 to 12 
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weeks of age, focal red skin lesions beganJo 
develop on the ears of the K14-VEGF mice 
(Fig. 1). These lesions were found to be 
hemorrhagic ulcers marked by extravasated 
red blood cells and disrupted epidermis. For 
subsequent studies, we focused on the vessels 
in ear skin (6 ) .  

We first compared the morphology of ves- 
sels in the ear skin of K14-VEGF and K14- 
Angl mice. The overall vascularity, as as- 
sessed by vessel area density, was increased 
in both K14-VEGF and K14-Angl mice. 
However, these increases resulted from dis- 
tinctly different changes in the microvascula- 
ture. Overexpression of VEGF resulted in 
abundant small, tortuous vessels (Fig. 2, A 
and B), which resembled capillaries. In con- 
trast, overexpression of Angl resulted in 
prominent enlargement of vessels, especially 
around hair follicles near the periphery of the 
ear (Fig. 2C). Although these vessels were in 
the anatomic position of capillaries, they re- 
sembled postcapillary venules ( 7 ) .  Measure- 
ments confirmed that the increase in vessel 
area density in K14-VEGF mice was primar- 
ily due to increases in vessel length, whereas 
in K14-Angl mice it was primarily due to 
increases in vessel diameter (8). 

To determine whether the Angl pheno- 
type or the VEGF phenotype was dominant, 
we bred K14-Angl and K14-VEGF mice to 
produce double transgenic K14-Angl/VEGF 
mice. Vessels in the ear skin of K14-AnglI 
VEGF mice were a composite of numerous 
tortuous capillary-like vessels (Fig. 2D), sim- 
ilar to those in mice overexpressing VEGF 
alone, and enlarged microvessels, similar to 
those in mice overexpressing Angl alone. 
The vessel area density in K14-AnglIVEGF 
mice was greater than that in either K14- 
VEGF or K14-Angl mice (8). The increased 
vessel area density was due to an increase in 
length density and an increase in vessel di- 

ameter. The combination of these two growth 
factors seemed to be additive in terms of 
vessel morphology and angiogenesis. 

We next compared vascular leakiness in 
the transgenic mice under baseline condi- 
tions. We injected Evans blue dye into the 
femoral vein and measured leakage of dye 
from the vasculature. Ear skin vessels in K14- 
VEGF mice were abnormally leaky under 
baseline conditions (Fig. 3A, open bars). In 
comparison, skin vessels in K14-Angl mice 
were not leaky (Fig. 3A). Furthermore, base- 
line plasma leakage in double transgenic 
K14-Angl/VEGF mice was significantly less 
than in K14-VEGF mice (Fig. 3A) and was in 
the range of that in wild-type mice. These 
findings show that coexpression of Angl can 
reduce vascular leakage due to overexpres- 
sion of VEGF. 

We investigated the response of these ves- 
sels to mustard oil, an inflammatory agent 
that induces plasma leakage and inflamma- 
tion in the skin (9, 10). After injection of 
Evans blue and topical application of mustard 
oil, the ears of wild-type mice became mod- 
erately blue, particularly at the periphery 
(Fig. 3B). In contrast, the ears of K14-VEGF 
mice became uniformly blue (Fig. 3C). Strik- 
ingly, the ears of K14-Angl mice remained 
pale after treatment with mustard oil (Fig. 
3D). Spectrophotometric analysis revealed 
that leakage increased sixfold in wild-type 
mice 30 min after application of mustard oil 
(Fig. 3A, closed bars). Leakage in K14- 
VEGF mice, already elevated under baseline 
conditions, increased further (Fig. 3A). How- 
ever, leakage did not increase significantly in 
ear skin of Kl4-Angl mice and was signifi- 
cantly less than that in wild-type and K14- 
VEGF mice (Fig. 3A). 

To determine whether the resistance to 
plasma leakage of K14-Angl mice was spe- 
cific to mustard oil, we tested the responses to 
serotonin and platelet activating factor (PAF) 
(11) and found the vessels resistant to both 
(Fig. 3F) (12). Indeed, K14-Angl mice were 
also resistant to injection of the vehicle alone, 
which induced a slight increase in leakage in 
wild-type mice (Fig. 3F). Thus, transgenic 
overexpression of Angl gave rise to vessels 
that were resistant to leakage induced by 
inflammatory stimuli. 

To address the question of whether the 
Angl phenotype or the VEGF phenotype was 
dominant in terms of inflammation-induced 
vessel leakiness, we also examined mustard 
oil-induced leakage in double transgenic 
K14-AnglIVEGF mice. After treatment with 
mustard oil, plasma leakage in the double 
transgenic mice was significantly less than in 
K14-VEGF mice and was even less than that 
in wild-type mice (Fig. 3, A and E). These 
findings indicate that Angl can reduce vas- 
cular leakage due to inflammatory mediators 
even in the presence of excess VEGF. 
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Fig. 3. Comparison of plasma leakage in ear skin 
after treatment with inflammatory agents. (A) 
Spectrophotometric measurement of amount of 
extravasated Evans blue (23, 27) in mouse ears 
30 min after topical application of mustard o i l  
Baseline leakage (open bars) was elevated in K14- 
VECF mice but not in KlCAngl or Kl4-Angll 
VECF mice. Mustard oil treatment (closed bars) 
induced significant leakage in vessels of wild-type 
and K14-VECF mice. However, no such increase 
was found in vessels of Kl4-Angl mice and there 
was only a moderate increase in K14-AnglNECF 
mice. (B to E) Photographs of ears after treatment 
with mustard oil (30 min) and vascular perfusion, 
showing relative amount of extravasated Evans 
blue tracer. Ear from a wild-type mouse is blue 
around the margin of the ear, whereas'ear from a 
K14-VEGF mouse is strongly blue throughout the 
ear. Ear from a Kl4-Angl mouse.is almost white, 
and ear from a K14-AnglNECF mouse is slightly 
blue. (F) Amount of extravasation of Evans blue in 
ears of wild-type and K14-Angl mice 30 min 
after intradermal injection of serotonin (closed 

Fig. 2. (A to  D) Comparison of microvessel morphology near maqin of ear in lectin-stained whole bars). Again, there was less leakage in Kl4-Angl 
mounts-of ear skin. ~ e k e l s  were stained by perfusion of EotinyIated &copersicon esculentum lectin and mice than in wild-type mice. ~imgar results w&e 
visualized bv ABC-3.3'-diaminobenzidine (DAB1 ~eroxidase reaction 12. 26l. Abundant tortuous. ca~i l-  obtained with PAF 1721. Evans blue [EM Sciences. 
lay-sized vessels in a KlCVECF mouse &ntra;t'with large vessels it-; a ~ l k - ~ n ~ l  mouse. vessels k a 
double-transgenic Kl4-AnglNECF mouse have features of both single transgenia: abundant tortuous 
vessels and some enlarged vessels. After perfusion fixation, mice were perfused with biotinylated L 
esculentum lectin (25 ml  at 5 d m l )  (Vector Laboratories, Burlingame, CA). L esculentum lectin binds 
uniformly to  the luminal surface of endothelial cells a ~ d  adherent leukocytes (26). Ears were removed 
and the skin was separated from the cartilage. Ear skin whole mounts were permeabilized with 0.3% 
Triton X-100, incubated in avidin-peroxidase complex (Vector Laboratories) overnight, and reacted with 
0.5% DAB (Sigma) and hydrogen peroxide. Ear skin was dehydrated through a series of alcohols, cleared 
in toluene, and mounted with the dermal aspect up. Scale bar = 25 pm. 

Cherry Hill, Nj) (30 &kg in a vdume of 100 
pl) was injected into a femoral vein of anes- 
thetized mice. Values are mean 2 SEM; n = 
4 t o  6 mice per group. *Significantly greater 
leakage in  treated ears than in  corresponding 
untreated ears, P < 0.05. tsignificantly 
greater leakage than in corresponding ears of 
K lCAng l  mice. P < 0.05, Bonferroni-Dunn 
test. 
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The amount of plasma leakage in idamma- 
tion depends on the number and size of sites for 
leakage in the endothelium as well as the driv- 
ing forces across the endothelium into the in- 
terstitium (13). Therefore, we asked whether 
the reduced leakage in K14-Angl mice was 
associated with reduced numbers of leakage 
sites in the endothelium. Because leakage sites 
expose the endothelial basement membrane to 

Fig 4. Leakage sites in skin microvessels stained 
by perfusion of ricin lectin after topical applica- 
tion of mustard oil At 20 min after mustard oil 
treatment, vessels were perfused with biotinyl- 
ated ricin lectin and then stained with ABC-DAB 
peroxidase reaction mixture. Patches of dark ricin 
staining mark sites of binding to exposed base- 
ment membrane, which show vascular leaks (26). 
(A) Venule in untreated ear skin of wild-type 
mouse showing uniform ricin staining on endo- 
thelial cell surface. (B) Venule in mustard oil- 
treated ear skin of wild-type mouse with dark 
patches of ricin staining (arrows) indicating sites 
of exposed basement membrane. (C) Venule in 
mustard oil-treated ear skin of KlCVECF mouse 
with dark patches of ricin staining (arrows). (D) 
Venule in mustard oil-treated skin of KlCAngl 
mouse with rare dark ricin patch (arrow). (E) 
Capillaries from untreated ear of KlCVECF 
mouse showing focal patches of dark ricin stain- 
ing (arrow) under baseline conditions. (F) Capil- 
laries in mustard oil-treated ear skin of KlCVECF 
mouse with numerous dark patches of ricin stain- 
ing (arrows). Vasculature was stained by postfix- 
ation perfusion of R. communis I (ricin) lectin 
(Vector Laboratories) (26). Scale bar = 10 Fm. 

the vessel lumen, we visualized these sites by 
staining the exposed basement membrane and 
extravascular matrix with biotinylated Ricinus 
communis I lectin perfused through the vascu- 
lature after fixation (14). In untreated vessels, 
rich bound uniformly to the luminal surface of 
the endothelium (Fig. 4A). After treatment with 
mustard oil, rich bound strongly to focal sites 
of exposed basement membrane in venules of 
wild-type mice (Fig. 4B). The lectin bound 
uniformly to the luminal surface of arterioles 
and capillaries without focal sites of binding, 
indicating that the sites of leakage were restrict- 
ed to venules, as in other models of acute 
inflammation (15). 

In K14-Angl mice, ricin bound weakly to 
all vessels under baseline conditions, but ri- 
cin also bound uniformly after treatment with 
mustard oil (Fig. 4D). Occasional sites of 
focal ricin binding in venules indicated that 
the lectin could detect sites of exposed base- 
ment membrane (Fig. 4D). Leakage sites 
were not found in arterioles or capillaries in 
K14-Angl mice, as in wild-type mice. These 
results suggest that the reduced plasma leak- 
age in K14-Angl mice reflects a reduced 
number of leakage sites in venules and not 
hemodynarnic changes. 

In K14-VEGF mice, most capillaries and 
venules did not have focal leaks under baseline 
conditions, nor was leakage found in arterioles. 
However, occasional sites of rich binding were 
found in some small venules and capillary-like 
vessels under baseline conditions (Fig. 4E). Af- 
ter stimulation with mustard oil, the large in- 
crease in leakage of Evans blue dye was ac- 
companied by formation of numerous rich 
binding sites of leakage in venules and capil- 
laries (Fig. 4, C and F) but not in arterioles. This 
leakage from capillaries in K14-VEGF mice is 
unusual, because leakage was restricted to 
venules in wild-twe mice. Previous studies 
have shown that direct application of VEGF 
can also induce leakage from capillaries (5). 

Very few ricin binding sites were present 
in vessels of double transgenic K14-Angll 
VEGF mice under baseline conditions, and 
the number was moderately increased after 
treatment with mustard oil (16). Overexpres- 
sion of Angl thus reduced the high baseline 
leakage as well as the inflammatory leakage 
associated with overexpression of VEGF, but 
it did not reduce the angiogenic effect of 
VEGF and instead appeared to act additively. 
Our findings extend the evidence that 

VEGF and Angl play complementary and co- 
ordinated roles in vascular development and 
remodeling (I) and raise the possibility that 
these factors play an ongoing role in regulation 
of vascular permeability. Although the mecha- 
nisms by which VEGF and Angl produce their 
effects on vessel morphology and vessel leaki- 
ness are just beginning to be studied, they are 
presumably initiated by binding to their respec- 
tive receptors on endothelial cells, the activa- 

tion of endothelial cell signaling cascades, and 
subsequent endothelial cell-mediated remodel- 
ing of the microvessels. 

Therapeutic angiogenesis, the induction of 
new vessel growth into ischemic tissue, has 
become an exciting direction of clinical re- 
search. Endothelial cell-specific growth factors 
have been used to promote angiogenesis in 
conditions of occlusive vascular disease. For 
example, administration of plasmid DNA en- 
coding VEGF has been reported to promote 
new vessel growth and improved tissue p e h -  
sion in patients with ischemic limb (1 7) or heart 
disease (18). However, some 'patients treated 
with VEGF plasmid for lower limb ischemia 
may have transient limb edema (1 7, 19), possi- 
bly due to the permeability increasing effect of 
VEGF. Our study raises the possibility that a 
combination of VEGF and Angl could have 
additive effects in promoting angiogenesis plus 
the beneficial effect of forming nonlealq ves- 
sels. Importantly, the abundant angiogenesis in 
K14-AnglNEGF mice suggests that the angio- 
genic action of VEGF can be uncoupled from 
its leakage-inducing effects by Angl. 

Regulation of vascular permeability has 
clinical ramifications beyond the field of ther- 
apeutic angiogenesis. Plasma leakage and ede- 
ma are features of inflammatory, degenerative, 
and neoplastic diseases. For example, chronic 
inflammatory diseases of the airways such as 
asthma are associated with edema in the aiiway 
wall and narrowing of the airway lumen (20), 
diabetic retinopathy is associated with plasma 
leakage in the retina (21), and ovarian cancers 
can be associated with massive fluid accurnu- 
lation in the peritoneum (22). Plasma leakage is 
a key feature of the pathophysiology of these 
diseases, and inhibition of the leakage could 
have important therapeutic benefits. Angl has 
the potential to reduce plasma leakage in such 
conditions. whether the leak is due to inflam- 
matory mediatorn or to VEGF. 
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Reduced MAP Kinase 
Phosphatase-I Degradation 

After p 4 2 1 p 4 4 ~ ~ ~ ~ ~ ~ e p e n d e n t  
Phosphorylation 

Jean-Marc Brondello," Jacques Pouyssegur, Fergus R. McKenziei 

The mitogen-activated protein (MAP) kinase cascade is inactivated at the level 
of MAP kinase by members of the MAP kinase phosphatase (MKP) family, 
including MKP-1. MKP-1 was a labile protein in  CCL39 hamster fibroblasts; its 
degradation was attenuated by inhibitors of the ubiquitin-directed proteasome 
complex. MKP-1 was a target in  vivo and in  vitro for ~ 4 2 ~ ~ ' ~  or ~ 4 4 ~ ~ ' ~ ~  which 
phosphorylates MKP-1 on t w o  carboxyl-terminal serine residues, Serine 359 and 
Serine 364. This phosphorylation did not  modify MKP-1's intrinsic ability t o  
dephosphorylate ~ 4 4 ~ ~ ' ~  but led t o  stabilization of the protein. These results 
illustrate the importance of regulated protein degradation in  the control of 
mitogenic signaling. 

The control of cell division in response to 
mitogens is mediated at least in part by MAP 
kinase (MAPK) signaling pathways (1). The 
~ 4 2 ~ ~ ' ~  and ~ 4 4 ~ ~ ' ~  enzymes [extracellu- 
lar signal-regulated kinase (ERIC-2 and 
ERK-11 are activated in cells stimulated with 
mitogens, by phosphorylation on threonine 
and tyrosine residues within protein kinase 
subdomain VIII, mediated by a class of MAP 
kinase (or ERK) kinases typified by MEKl 
(2). Inhibition of ~ 4 2 ~ ~ ' ~  and ~ 4 4 ~ ~ ' ~  
blocks cell-cycle reentry (3) and is principal- 
ly mediated in vivo by members of a family 
of dual specificity phosphatases, of which 
MAP kinase phosphatase (MKP-1, also 
called 3CH134, CL100, or erp) is archetypal 
(4, 5). At least nine distinct MKP family mem- 
bers have been cloned, most, if not all, of 
which are the products of immediate early 
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genes and therefore under tight transcription- 
al control (5, 6).  MKP- 1, MKP-2, and MKP-3 
are transiently synthesized after activation of 
~ 4 2 ~ ~ ' ~  and p44MAPK, suggesting the pres- 
ence of a negative feedback loop to regulate 
p42MAPK and ~ 4 4 ~ ~ ' ~  (5-7). To determine 
whether expression of the M U - 1  protein is 
also subject to control, we determined the 
half-life of MKP-1 in CCL39 fibroblast cells 
(Fig. 1A). MKP-1 was barely detectable in 
auiescent CCL39 fibroblasts. but its exvres- 
sion level was increased in cells stimulated 
with mitogens before [35S]methionine label- 
ing and immunoprecipitation (8). Its half-life 
was on the order of 45 min. 

Because many labile proteins are targeted 
for degradation by the ubiquitin-directed protea- 
some complex (9), we analyzed the effects of a 
proteasome inhibitor N-acteyl-leu-leu-norleuci- 
nal (LLnL) (10) and a lysosomal cysteine pro- 
tease inhibitor, N-[N-(L-3-trans-carboxiraine-2- 
carbony1)-L-leucyll-agmatine (E64) (10) on 
MKP-1 degradation (Fig. 1B). After treatment 
of cells with serum to induce synthesis of 
MKP-1 and blockade of further protein synthe- 
sis by cycloheximide, the amount of MKP-1 

ence corresponded to the difference in the amount of mail: mckenzie@unice.fr decreased at a similar rate in control cells and 
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