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Caveolin-1, the signature protein of endothelial cell
caveolae, has many important functions in vascular
cells. Caveolae are thought to be the transcellular path-
way by which plasma proteins cross normal capillary
endothelium, but, unexpectedly, cav-1~/~ mice, which
lack caveolae, have increased permeability to plasma
albumin. The acute increase in vascular permeability
induced by agents such as vascular endothelial growth
factor (VEGF)-A occurs through venules, not capillaries,
and particularly through the vesiculo-vacuolar or-
ganelle (VVO), a unique structure composed of numer-
ous interconnecting vesicles and vacuoles that together
span the venular endothelium from lumen to ablumen.
Furthermore, the hyperpermeable blood vessels found
in pathological angiogenesis, mother vessels, are de-
rived from venules. The present experiments made use
of cav-1~/~ mice to investigate the relationship between
caveolae and VVOs and the roles of caveolin-1 in VVO
structure in the acute vascular hyperpermeability in-
duced by VEGF-A and in pathological angiogenesis and
associated chronic vascular hyperpermeability. We found
that VVOs expressed caveolin-1 variably but, in contrast to
caveolae, were present in normal numbers and with ap-
parently unaltered structure in cav-1~/~ mice. Nonethe-
less, VEGF-A-induced hyperpermeability was strikingly re-
duced in cav-1~/~ mice, as was pathological angiogenesis
and associated chronic vascular hyperpermeability,
whether induced by VEGF-A'** or by a tumor. Thus, caveo-
lin-1 is not necessary for VVO structure but may have
important roles in regulating VVO function in acute vascu-
lar hyperpermeability and angiogenesis. (4m J Pathol
2009, 175:1768—1776; DOI: 10.2353/ajpath.2009.090171)

Caveolae (also referred to as plasmalemmal vesicles)
were described by Palade and Bruns in capillary endo-
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thelial cells as 50- to 100-nm diameter smooth mem-
brane-bound vesicles."? Palade and Bruns proposed
that caveolae shuttled across capillary endothelium from
lumen to ablumen, carrying with them “cargoes” of
plasma and in this manner provided the small amounts of
plasma proteins that are required for maintaining tissue
health. Later work demonstrated that caveolae could
also form short chains of two to three linked vesicles
that spanned the short distance across the capillary
endothelium.® Together these studies implied that,
whether shuttling or interconnected into short chains,
capillary caveolae were de facto the elusive “large
pores” that physiologists had postulated to account for
plasma protein extravasation.*®

Since their initial discovery, much has been learned
about caveolae and their signature protein, caveolin.®~°
Caveolin is thought to be necessary for caveolae forma-
tion and overexpression of caveolin can induce caveolae
in cells that normally lack them."" Caveolin exists in three
isoforms.'2~"* The first two isoforms, cav-1 and cav-2, are
highly expressed in vascular endothelium, pericytes and
smooth muscle, among other cell types, whereas cav-3 is
confined to muscle.'® Caveolae and caveolin have many
functions besides plasma protein transport, including
regulation of cholesterol homeostasis and sorting of sig-
naling molecules such as endothelial nitric oxide syn-
thase, heterotrimeric G proteins, and nonreceptor ty-
rosine kinases.” 14 16.17

Cav-17/~ mice have contributed much to our under-
standing of caveolin and caveolae. Cav-1~/~ mice are
viable and fertile but lack caveolae and exhibit various
types of vascular dysfunction, including impaired nitric
oxide and Ca®" signaling.'®'®722 However, there is con-
troversy on some other points, such as whether tumor
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growth and angiogenesis are altered in cav-1~/~ mice,
and, if so, in what direction and by what mechanism.?22°
Recently, cav-1~/~ mice have been found to be system-
ically hyperpermeable to plasma albumin®>-303": this
finding was unexpected in that caveolae have been
thought to be necessary for transporting plasma proteins
across capillary endothelium under basal conditions.’

However, vascular permeability is not of a single
type.®? In contrast to the normal, low level basal vascular
permeability (BVP) of normal tissues, two distinctly differ-
ent types of increased vascular permeability are found
in pathological conditions.®? Vascular permeabilizing
factors, such as vascular endothelial growth factor
(VEGF)-A, histamine, and others, induce acute vascular
hyperpermeability (AVH), a characteristic feature of
acute inflammation. Chronic vascular hyperpermeability
(CVH), on the other hand, is found in the pathological
angiogenesis induced by tumors, healing wounds, and
chronic inflammatory diseases; as its name implies, CVH
persists for long periods of time—days to weeks and
sometimes indefinitely. AVH and CVH differ from BVP not
only in terms of the much greater amounts of plasma that
extravasate but also with respect to the microvessels that
leak. BVP takes place in capillaries.? * In contrast, AVH
takes place primarily in postcapillary venules®>-37” and is
thought to involve an organelle, the vesiculo-vacuolar
organelle (VVO), that is uniquely present in venular en-
dothelial cells. VVOs are grapelike clusters of hundreds
of uncoated, trilaminar unit membrane-bound, intercon-
necting vesicles and vacuoles that extend across the
relatively tall cytoplasm of venular endothelium from lu-
men to ablumen. The relationship of VVOs to caveolae is
uncertain.®¢~4° Unlike caveolae, which are of relatively
uniform size, the vesicles and vacuoles that comprise
VVOs vary widely in size from caveolae-sized vesicles to
those with a cross-sectional areas more than 10-fold
greater.®” They attach to each other and to the endothe-
lial plasma membrane by stomata that are normally
closed by thin diaphragms. In this respect, VVO stomata
and diaphragms closely resemble the analogous struc-
tures by which caveolae attach to each other and to the
luminal and abluminal plasma membranes of capillary
endothelium.®¢384" On exposure to acute permeabiliz-
ing agents such as VEGF or histamine, the diaphragms
interconnecting VVO vesicles and vacuoles open to pro-
vide a trans-endothelial cell pathway for plasma extrava-
sation.®63742 Others have reported leakage through a
paracellular route, independent of VVOs.*34% In CVH, yet
another type of blood vessel, the “mother” vessel, ac-
counts for the bulk of vascular hyperpermeability.*®
Mother vessels are greatly enlarged, thin-walled, peri-
cyte-poor sinusoids that derive from pre-existing normal
venules after longer exposures to VEGF and other angio-
genic stimuli.*® VVOs participate in mother vessel forma-
tion and associated CVH.*>47

The experiments reported here made use of cav-1/~
mice to investigate the relationship between caveolae
and VVOs and the role of caveolin-1in VVO structure, in
AVH and CVH, and in pathological angiogenesis. We
report here that some, but not all, VVO vesicles and
vacuoles express caveolin-1. Nonetheless, VVOs are
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present in normal numbers and with unaltered structure
in cav-1~/" mice. Further, we find that AVH and CVH are
strikingly reduced in cav-1~/~ mice. Angiogenesis is also
reduced in cav-1~/~ mice, whether induced by an ad-
enoviral vector expressing VEGF-A'* (Ad-VEGF-A'®) or
by a tumor, the B16 melanoma.

Materials and Methods

Animals, Adenoviral VVector, and Tumors

Four- to 6-week-old female wild-type C57BL/6 and caveolin 1
knockout (cav-17/") mice were obtained from The Jackson
Laboratory (Bar Harbor, ME). Angiogenesis was induced in
flank skin either with (Ad-VEGF-A'6%)%-8 or with the B16
melanoma.?® All studies were performed under protocols
approved by the Beth Israel Deaconess Medical Center
Institutional Animal Care and Use Committee.

Tissue Processing for Light Microscopic
Immunohistochemistry

Animals were sacrificed by CO, narcosis. Flank skin was
fixed in 4% paraformaldehyde and processed either for
frozen or paraffin sections and immunohistochemical
analysis, as described previously.*° Two different rabbit
polyclonal antibodies, one directed against N-terminal
amino acids 1 to 97 (BD Biosciences, San Jose, CA) and
the other against N-terminal amino acids 1 to 20 (Santa
Cruz Biotechnology Inc., Santa Cruz, CA), were used to
identify caveolin-1. Mean vascular density was calcu-
lated by counting CD31-positive structures with lumens in
the five most highly vascularized fields at X400 magnifi-
cation. Statistical analysis was performed using an un-
paired t-test.

Electron Microscopy

Tissues were fixed and processed for electron micros-
copy as described previously.®’ Morphometric analysis
was performed on randomly selected electron micro-
graphs of wild-type and cav-1"/" flank skin venules and
capillaries for quantification of VVOs, vesicles, and caveo-
lae.3537 Data were analyzed with the Kruskal-Wallis non-
parametric analysis of variance test and with Dunn’s mul-
tiple comparisons test.

Electron Microscopic Immuno-Nanogold
Cytochemistry

Immuno-nanogold cytochemistry was performed as de-
scribed previously.®° Tissues were fixed for 4 hours at
room temperature in 4% paraformaldehyde-0.02 mol/L
PBS, pH 7.4, and were washed in 0.02 mol/L PBS, pH 7.4.
before immersion in 30% sucrose in 0.02 mol/L PBS, pH
7.4, overnight at 4°C. Tissues were embedded in OCT
compound (Miles, Elkhart, IN), snap-frozen, and stored in
liquid nitrogen. The same two rabbit polyclonal antibod-
ies used for light microscopic immunohistochemistry
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were used. Ten-micrometer frozen sections were cut,
collected on precleaned glass slides, air-dried for 20
minutes, and processed as described previously,®© ex-
cept for differences in the antibodies used. After immu-
nocytochemistry, sections were stained either with uranyl
acetate or lead citrate or left unstained and examined in
a Philips CM10 transmission electron microscope. Four
control experiments were performed to ensure the spec-
ificity of immuno-nanogold staining: (i) replace the pri-
mary antibody with an irrelevant rabbit 1gG; (ii) omit the
primary antibody; (iii) omit the secondary antibody; and
(iv) omit the HQ silver enhancement step.

Miles Assay and Quantification of Vascular
Volume and Permeability

The Miles assay was performed as described previou-
sly.*® Mice were anesthetized with Avertin and injected
i.v. with 0.1 ml of 0.5% Evans blue dye, and their flanks
were injected intradermally with recombinant VEGF-A
(National Cancer Institute, Bethesda, MD) or with an
equivalent volume (50 ul) of HBSS. Mice were sacrificed
30 minutes later, and a sample of heart blood was col-
lected. Skin test sites and platelet-poor plasma were
extracted in formamide at 56°C for 48 hours. The amount
of extracted Evans blue dye was determined by measur-
ing absorbance at 620 nm and calculated against a
standard curve. Data are presented as microliters of
plasma.*>48

To quantify angiogenesis and vascular permeability at
angiogenic sites, we made use of a double tracer met-
hod.”® Angiogenesis was induced by injecting 5 X 108
plague-forming units of Ad-VEGF-A'®* into flank skin.
Four days later, at the height of the angiogenic response,
mice were injected i.v. with 0.1 ml of 0.5% Evans blue
dye, followed 25 minutes later by an i.v. injection of 10
uCi of "°|-bovine serum albumin. Mice were sacrificed 5
minutes after the second injection. Heart blood was col-
lected as above and angiogenic sites were subjected to
gamma counting. Evans blue dye was extracted in form-

Figure 1. Immunostaining for caveolin-1 in
flank skin of wild-type (A) and cav-1""~ (B)
mice with the N1-20 anti-caveolin antibody. Nu-
merous blood vessels are labeled in wild-type
skin, but staining in cav-1"/" skin is entirely
negative. Similar results (not shown) were ob-
served with the N1-97 antibody. CD31 antibod-
ies showed equivalent vascular staining in wild-
type (C) and cav-1"/" (D) mice. v identifies
some of the unlabeled blood vessels in (B).
Magnification bars = 50 um.

amide as above, and vascular volume and vascular leak-
age were calculated as described.*>*8

To compare vascular permeability in tissues of wild-
type and cav-1"/" mice, '?°I-bovine serum albumin was
injected i.v. as above. An aliquot of blood (100 ul) was
taken by retro-orbital puncture into heparin (10 ul) within
30 seconds thereafter for determining the initial injected
dose of tracer. After 1 hour, mice were sacrificed, and
tissues were excised, weighed, and subjected to gamma
counting. Radioactivity was normalized to tissue weight
and calculated as percentage of injected dose of tracer
per gram of tissue = SD.

Results

Caveolin-1 Expression in Vascular Endothelium
of cav-1~"~ and Wild-Type C57BL/6 Mice

Immunohistochemistry was performed on flank skin with
two different antibodies that were directed against differ-
ent N-terminal peptides of caveolin-1. Both antibodies
gave identical results, demonstrating strong labeling
of both capillary and venular endothelium in wild-type
mice and an absence of detectable vascular staining in
cav-17" mice (Figure 1, A and B); in contrast, vascular
CD31 staining was equivalent in wild-type and cav-1~"/~
mice (Figure 1, C and D).

To localize caveolin-1 within endothelial cells we per-
formed electron microscopic immuno-nanogold cyto-
chemistry with these same antibodies. As expected,
caveolae were numerous in the capillary endothelium of
wild-type mice (Figure 2, A and B; Table 1), and nearly all
labeled strongly with anti-caveolin-1 antibodies (Figure
2C). In contrast, few caveolae were found in the capillary
endothelium of cav-17/~ mice; total caveolae-sized (50 to
100 nm) vesicles in the cytoplasm were reduced by
nearly 80% and caveolae attached to the luminal or ab-
luminal plasma membranes by nearly 90% (Figure 2,
D-F; Table 1). In addition, the few remaining caveolae in



Figure 2. Electron micrographs of flank skin capillaries of wild-type (A—C)
and cav-1"/" mice (D—F). Boxes in (A) and (D) indicate portions enlarged
in (B) and (E), respectively. Numerous 50- to 100-nm vesicles (caveolae),
some indicated by arrows, are present in the cytoplasm and attached to both
luminal and abluminal plasma membranes of wild-type capillary endothelial
cells (A and B), whereas caveolae are largely, although not entirely, absent
from capillaries of cav-1""" mice (D and E). Immuno-nanogold staining for
caveolin-1 demonstrates strong labeling of caveolae in wild-type capillaries
(©) and absence of labeling in their cav-1"/" counterparts (F). L, lumen;
asterisk, multivesicular body. Magnification bars = 1 um.

cav-17/~ capillary endothelium were negative for caveo-
lin-1 (Figure 2F).

Turning to venules, we found that in wild-type mice
nearly all caveolae-sized (50 to 100 nm) vesicles that
were in contact with or closely apposed to the endothelial
cell luminal or abluminal plasma membranes labeled
strongly for caveolin-1 (Figure 3, A-E). However, only one
third to one half of the larger, intracytoplasmic VVO ves-
icles and vacuoles were labeled, and these were gener-
ally labeled less intensely, with fewer nanogold particles
per vesicle or vacuole. We could not quantify labeling
more precisely because nanogold particles frequently
obscured underlying vesicles and vacuoles. As with cap-
illaries, venule immuno-nanogold labeling for caveolin
was entirely negative in cav-1~/~ mice (Figure 4C).

VVOs and Isolated Vesicles in Cav-1~"" and
Wild-Type Mice

We next performed electron microscopy to evaluate the
frequency of VVOs and caveolae in the venular endothe-

Table 1.
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lium of cav-1"/"~ mice. As described previously,®” VWOs
were arbitrarily defined as clusters of three or more (gen-
erally many more) interconnecting, smooth membrane-
coated vesicles and vacuoles, typically of widely varying
size. Single uncoated, caveolae-sized (50 to 100 nm)
vesicles or two such interconnected vesicles were sep-
arately classified; many of these were attached to the
luminal or abluminal plasma membrane and thus are
probably caveolae. We found that VVO frequency and
vesicle/vacuole composition in cav-1~/~ mice did not
differ from that of their wild-type counterparts (Figure 4;
Table 1). However, the numbers of single or double
caveolae-sized uncoated vesicles were strikingly re-
duced in the venular endothelium of cav-1~/~ venular
endothelium; total numbers of vesicles in the cytoplasm
were reduced by 60% in cav-1~/~ mice and those at-
tached to the luminal or abluminal plasma membrane
were reduced by nearly 80% (Table 1). In both capillary
and venular endothelial cells, lateral plasma membranes
contained normal-appearing adherens junctions and in-
terendothelial cell clefts that were indistinguishable be-
tween wild-type and cav-1~/~ mice (Figures 2, A and D,
3E, and 4B).

AVH in Cav-1~"" and Wild-Type Mice

Several groups?®3°3" have reported that macromole-
cules such as albumin are cleared more rapidly from
plasma in cav-1~/ than in control mice. Our own data
indicate that plasma albumin accumulated to a signifi-
cantly greater extent in skeletal muscle and mesentery of
cav-17/~ mice than in that of their wild-type counterparts;
however, in flank skin, a tissue not previously reported on,
there was no difference (Supplemental Figure S1, see
htto://ajp.amjpathol.org). To evaluate AVH in cav-1"/"
mice, we performed the Miles assay. As shown in Figure 5,
permeability after intradermal injection of HBSS did not
differ significantly between wild-type and cav-1~/" mice;
however, AVH induced by VEGF-A was greatly reduced
in cav-1"/" compared with that in wild-type mice.

Angiogenesis and Associated CVH Induced by
Ad-VEGF-A"%% in Cav-1~/~ and Wild-Type Mice

To define the role of caveolin-1 in VEGF-A-induced an-
giogenesis, we made use of a standard in vivo model in
which an adenoviral vector expressing VEGF-A'®* (Ad-
VEGF-A"®%) is injected into flank skin.*®~#® In wild-type

Caveolae and VVOs in Capillary and Venular Endothelium of Wild-Type and Cav-1""" Mice

Total vessel luminal Total vessel abluminal Total vessel area

No. of individual No. of caveolae
No. of vesicles  caveolae or or vesicles

Blood vessel No. of vessels perimeter evaluated perimeter evaluated evaluated No. of  or vacuoles per vesicles/um? facing on lumen

types studied (um) (um) (um?) VVOs/um VWO cytoplasm or ablumen/um
Capillaries +/+ 33 198.3 205.8 79.9 10.82 = 0.46 3.4+012
Capillaries —/— 25 186.0 192.5 86.4 2.33 +£0.16*  0.36 = 0.02*
Venules +/+ 21 140.6 143.3 1141 1.08 £ 0.08 10.25 = 0.63 15025 0.97 £0.09
Venules —/— 17 1562.9 165.7 131.6 0.96 £ 0.08 12.36 = 1.30 0.60 = 0.10" 0.21 £ 0.04*

*P < 0.0001, as determined by Kruskal-Wallis ANOVA and Dunn’s multiple comparison test.

TP < 0.005.
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C57BL/6 mice, Ad-VEGF-A'®* induced the expected,
strong angiogenic response with formation of numerous
mother vessels and extensive edema (Figure 6, A and B);
in contrast, angiogenesis, mother vessel formation and
edema were greatly reduced in cav-1~/~ mice (Figure 6,
C and D). These findings were confirmed by assessing
microvascular density (Figure 6E). As an additional
means of quantifying angiogenesis and vascular perme-
ability, we made use of a recently developed, double
tracer technique that quantifies both intravascular
plasma volume (a measure of angiogenesis) and, sepa-
rately, the amount of extravasated plasma, both ex-
pressed as microliters of plasma.***® As shown in Figure
6F, the volumes of both intravascular plasma and extra-
vasated plasma were greatly reduced in cav-1~'" mice.

Tumor Growth and Angiogenesis in Cav-1""~
and Wild-Type Mice

To determine whether the lack of caveolin-1 affected
tumor growth and associated angiogenesis, we injected
B16 melanoma cells into the subcutaneous space of
syngeneic wild-type C57BL/6 and cav-1"/~ mice. Tu-
mors grew to large sizes in wild-type mice, but growth in
cav-1"/" mice was greatly retarded and was accompa-

Figure 3. Electron microscopic immuno-nano-
gold labeling of wild-type venular endothelium
with antibodies against caveolin-1. A and B:
Larger VVO vesicles and vacuoles labeled vari-
ably, some being strongly positive, whereas oth-
ers are unlabeled. In contrast, 50- to 100-nm
vesicles facing the luminal and abluminal sur-
faces, corresponding to the location of caveolae,
labeled consistently. C and D: Enlargements of
boxed areas in A, as indicated. E: Lateral borders
of adjoining endothelial cells are closely ap-
posed (open arrowheads) and display a nor-
mal adherens junction (arrow). Magnification
bars = 250 nm.

nied by diminished angiogenesis and mother vessel gen-
eration (Figure 7, A-D).

Discussion

The data presented here demonstrate that the frequency
of caveolae was greatly diminished, although not entirely
eliminated, in skin capillary and venular endothelial cells
of cav-1"/~ mice (Table 1). If caveolae are defined as
single or doublet vesicles of 50 to 100 nm diameter that
were free in cytoplasm, they were reduced by almost
80% in capillary endothelium in cav-1~/~ mice compared
with wild-type mice; if they are instead defined as 50- to
100-nm diameter vesicles attached to the luminal or ab-
luminal plasma membrane, they were reduced by ~90%
in cav-1~/~ mice (Table 1). Using the same criteria, 50- to
100-nm diameter vesicles were reduced by ~60 and
~80%, respectively, in the venular endothelium of cav-
17/~ mice. The calculated frequency of residual caveolae
in venular endothelium of cav-1~/~ mice may be an over-
estimate in that some of the vesicles counted as caveolae
were probably attached to vesicles or vacuoles in other
section planes and therefore were parts of VVOs and not
in fact caveolae.

Figure 4. A and B: Electron micrographs illus-
trating structurally normal VVOs in venular en-
dothelium of cav-1""" mice. C: Electron micro-
scopic section of cav-1""" venular endothelium
shows lack of immuno-nanogold labeling with
anti-caveolin antibody. L, lumen. In B, arrow
indicates the normally closed specialized junc-
tion, and, below, normally apposed interendo-
thelial cell interface. Magnification bars = 1 uwm.
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In wild-type mice, nearly all capillary caveolae (Figure
2C) and 50- to 100-nm diameter vesicles (presumably
caveolae) in venular endothelium (Figure 3) labeled
strongly with antibodies against caveolin-1. On the other
hand, only one third to one half of the larger VVO vesicles
and vacuoles in venular endothelium were so labeled,
and these generally labeled with less intensity than
smaller, caveolae-sized vesicles (Figure 3). Nonetheless,
VVOs were found in equal numbers and with indistin-
guishable vesicle and vacuole composition in the venular
endothelium of cav-1~/" and wild-type mice (Table 1). No
caveolin-1 staining was observed in either the capillaries
or venules of cav-1"'" mice (Figures 1, 2F, and 4C).

These findings are of interest for several reasons. First,
they demonstrate that, although caveolin-1 is important
for caveolae formation, it is not absolutely essential in that
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small numbers of caveolag, ~10 to 20% of normal, per-
sisted in the capillaries of cav-1~/~ mice (Figure 2, D-F;
Table 1). Second, caveolin-1 is not essential for the for-
mation of VVOs in venules (Figure 4; Table 1). These
findings speak to the possible relationship of VVOs to
caveolae. Some years ago we reported that the areas
and volumes of VVO vesicles and vacuoles did not fall on
a continuum but rather were multiples of a small, 50- to
100-nm diameter vesicle, ie, a unit vesicle the size of
caveolae.®” On this basis, we proposed that VVOs were
formed from caveolae, variable numbers of which, we
suggested, fused together to form dimers and multimers,
up to vacuoles as much as 10 times the size of unit
caveolae. In view of our new data, this conclusion seems
less likely. Caveolae, ie, single or doublet 50- to 100-nm
vesicles, were greatly reduced in venular endothelium,
whereas VVOs were not diminished in either number or
composition. It would seem, therefore, that VVOs are
composed of a population of uncoated vesicles and
vacuoles that is distinct from that of caveolae, although
they contain variable amounts of caveolin.

The pathways by which plasma proteins cross vascu-
lar endothelium have been the subject of debate for many
decades (reviewed in®). It had come to be accepted that,
at least in the case of BVP, plasma proteins cross normal
capillary endothelium by way of shuttling or linked caveo-
lae.""® However, it has now been reported by three
groups?®2°:31 that macromolecules of several types are
cleared more rapidly from plasma in cav-1~/" than in
control mice. To account for this finding, Schubert et al®’
reported a shortening of “tight” junctions in the lung cap-
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Figure 6. Angiogenic response 4 days after injection of Ad-VEGF-A'*" into flank skin of wild-type (WT) (A and B) and cav-1~/~ mice (C and D). A and C:
Macroscopic appearance of angiogenic sites 30 minutes after i.v. injection of Evans blue dye. Note the striking difference in overall angiogenic response and bluing
intensity between wild-type and cav-1""" mice. B and D: Histological analysis shows striking angiogenesis with mother vessel formation and edema in wild-type
versus cav-1"/" reactions; differences in skin thickness reflect differences in tissue edema. E: Microvascular density (mean = SEM) as determined in wild-type
(N = 7) and cav-1"/" (N = 6) angiogenic sites. *P < 0.0001. F: Intravascular and extravasated volumes (microliters) of plasma (mean + SEM) in skin sites of
wild-type (N = 8) versus cav-1""~ (IV = 8) mice injected 4 days previously with Ad-VEGF-A'*. See Materials and Methods and references*>*® for calculations.

Magnification bars = 100 wm.
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Figure 7. Differential growth and vascularity of
B16 melanomas in the subcutaneous space of
wild-type (WT) and cav-1"/" mice. A: Appear-
ance of typical tumors (of 16 studied) growing in

illary endothelium of cav-1~/~ mice and on that basis
suggested that increased paracellular permeability ac-
counted for the increased basal permeability they ob-
served. On the other hand, Rosengren et al*® found no
difference in adherens junctions in hyperpermeable ab-
dominal wall capillaries of cav-1~/~ mice, and we noted
no morphological differences in either adherens junctions
or in the length of interendothelial cell interfaces in skin
capillaries. However, the vascular beds of different tis-
sues may behave differently. The ultrastructural studies
performed by Schubert et al,®" Rosengren et al,*° and
our group examined three different tissues, lung, perito-
neal wall, and flank skin, respectively. In addition, al-
though Schubert et al®*' found increased accumulation of
extravasated albumin in many tissues in cav-1~/" mice,
in at least one tissue (aorta) such accumulation was
reduced. Furthermore, we found increased albumin ac-
cumulation in skeletal muscle and mesentery of cav-1~/~
mice, but no significant difference in such accumulation in
skin (Supplemental Figure S1, see http.//ajp.amjpathol.org),
a tissue not previously reported on. Thus, although overall
BVP to albumin may be increased in cav-1~'~ mice, there
are distinct differences of permeability in different tissues
and perhaps in the pathways by which albumin and other
plasma proteins extravasate.

Using the Miles assay, we found that AVH in skin was
strikingly decreased in cav-1"/~ compared with that in
wild-type mice (Figure 5). This difference in AVH could be
tissue specific because, as already noted, BVP in skin
did not differ between control and cav-1~/~ mice. How-
ever, another explanation is that different types of mi-
crovessels participate in BVP and AVH.®2 BVP takes
place in capillaries, whereas AVH involves postcapillary
venules. In AVH, as in BVP, there is disagreement as to
whether plasma proteins extravasate by transcellular
or paracellular routes. Majno et al*® and subsequently
others** proposed that the leakage induced by vascu-
lar permeabilizing agents resulted from a pulling apart

wild-type and cav-1""" mice. B: Tumor weights
(mean * SEM). C and D: Vascularity of tumors
in wild-type and cav-1""" mice. T, tumor;
asterisks indicate some mother vessels of vary-
ing size in tumors growing in wild-type mice and
are greatly reduced in cav-1"/" mice. Magnifi-
cation bars = 100 pum.

of adjacent venular endothelial cells. On the other
hand, several groups, including ours, have reported a
transcellular route for plasma protein extravasation in
AVH 8637425255 We found that tracer proteins such as
ferritin and horseradish peroxidase extravasate through
VVOs after exposure to VEGF, histamine, and other vascu-
lar permeabilizing agents. 3637894042 Therefore, the finding
that AVH is strikingly impaired in cav-1"/~ mice suggests
that, although caveolin-1 is not essential for VVO structure,
it may be very important for VVO function, even though only
one third to one half of large VVO vesicles and vacuoles
expressed caveolin-1 as determined by immuno-nanogold
labeling (Figure 3).

Bauer et al® reported that AVH is decreased in trans-
genic mice that selectively overexpress caveolin-1in vas-
cular endothelium, whereas we found AVH to be strikingly
reduced in cav-1~/~ mice (Figure 5). This paradox can
be resolved if it is assumed that just the right amount of
caveolin-1 is necessary for proper regulation of VEGF-A-
induced permeability and that both lower and higher
levels of caveolin-1 impair that response. In accord with
this suggestion, others have called attention to the impor-
tance of both the levels and the appropriate intracellular
distribution of caveolin-1 in endothelial nitric oxide syn-
thase signaling; endothelial nitric oxide synthase has an
important role in vascular permeability, and this function
was found to be perturbed both in cav-1~/~ mice and in
caveolin-1-overexpressing mice.®:2%:24.29.54.55

Our data also indicate that caveolin-1 has an important
role in pathological angiogenesis and associated CVH.
VEGF-A, other growth factors, and tumors initiate angio-
genesis by inducing pre-existing microvessels, primarily
venules, to enlarge to form a characteristic type of hyper-
permeable, pericyte-poor sinusoid, the “mother” ves-
sel.#6:47:56-58 \\\/(Os contribute to this process by donat-
ing their membranes to the rapidly expanding plasma
membrane that is required as venules enlarge to form
mother vessels. Further, residual, short chains of VVOs



provide an important pathway for mother vessel hyper-
permeability.*® Mother vessels formed poorly in cav-17/"
mice in response to either Ad-VEGF-A"%* or B16 melano-
mas (Figures 6 and 7). Because the increased perme-
ability of angiogenesis occurs primarily through mother
vessels, it is not surprising that CVH was also reduced.
These data provide further evidence that, although struc-
turally intact in cav-1~/~ mice, VVOs function poorly in the
absence of caveolin-1. To a lesser extent, Ad-VEGF-A"®4
also induces capillaries to form mother vessels in wild-
type mice, although these are smaller than the ones
induced from venules; it is possible, therefore, that the
lack of caveolin-1 and caveolae in capillary endothelium
may also have contributed to the failure of mother vessel
formation in cav-1~/~ mice.

There remains controversy as to the role of caveolin-1
in pathological angiogenesis and associated chronic
vascular hyperpermeability. Different reports indicate
that angiogenesis and permeability are increased, de-
creased, or unaltered in cav-1~/~ mice. Consistent with
our findings (Figures 6 and 7), Griffoni et al®® reported
that knockdown of caveolin-1 by antisense oligonucleo-
tides impaired angiogenesis, both in vitro in a fibrin gel
assay and in vivo on chicken chorio-allantoic membranes.
In addition, Jasmin et al®® found that ischemic cerebral
injury generated an impaired angiogenic response in
cav-17/~ mice, and Woodman et al*® reported de-
creased angiogenesis induced by basic fibroblast
growth factor in Matrigel plugs, and, as reported here
(Figure 7), decreased B16 tumor growth and associated
angiogenesis. On the other hand, Bauer et al*® found that
angiogenesis induced by Ad-VEGF'®* and by tissue
ischemia was significantly impaired in transgenic mice in
which caveolin-1 was overexpressed. As noted above
with respect to AVH, this finding could be explained if a
“just right” level of caveolin-1 is required for an optimal
response to VEGF-A and that higher or lower levels im-
pair angiogenesis. However, there are also data in the
literature that are contrary to our findings and to those of
the authors cited above. Thus, Lin et al®” reported that
the Lewis lung carcinoma induced increased angiogen-
esis and associated vascular permeability when grown in
cav-1"/~ mice. Finally, there are data indicating that
tumor-associated vascular permeability is unchanged
in cav-1~/~ mice. Thus, DeWever et al®® found that
permeability to '?®l-albumin, although increased in nor-
mal tissues of cav-1"/~ mice, was not statistically dif-
ferent in B16 melanomas grown in cav-1~/" versus
wild-type mice. In addition, in contrast to our findings
and those of Woodman et al,?® these B16 tumors grew
larger and generated increased numbers of new blood
vessels in cav-1~/" mice. Further work will be required
to reconcile these disparate findings. Differences in
tumors studied and in techniques used to evaluate
angiogenesis and permeability, failure to distinguish
among the several different types of vascular perme-
ability (BVP, AVH, and CVH), and the study of different
vascular beds may have contributed to the differences
observed.
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