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PV1 in Caveolae Controls Lung Endothelial Permeability
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Abstract

Caveolae are prominent plasmalemmal invaginations in endothelial
cells, especially in the lung vasculature, which comprises a vast
surface area. PV1 (plasmalemmal vesicle-associated protein-1), a
60-kD glycoprotein expressed in endothelial cells, is essential for
generating spoke-like diaphragmatic structures that span the neck
region of endothelial caveolae. However, their role in caveolae-
mediated uptake and endothelial-barrier function is unknown. Here,
we generated mice with endothelial cell-specific deletion of PV1
through tamoxifen-induced Cdh5.Cre.ERT2 (endothelial-specific
vascular cadherin.Cre.estrogen receptor 2)-mediated excision of
the floxed PV1 allele. We observed that loss of PV1 specifically in
endothelial cells increased lung vascular permeability of fluid and
protein, indicating that PV1 is required for maintenance of lung
vascular-barrier integrity. Endothelial-specific PV1 deletion also
increased caveolae-mediated uptake of tracer albumin compared

with controls, promoted Au-albumin accumulation in the bulb of
caveolae, and induced caveolar swelling. In addition, we observed
the progressive loss of plasma proteins from the circulation and
reduced arterial pressure resulting from transudation of water and
protein as well as edema formation in multiple tissues, including
lungs. These changes seen after endothelial-specific PV1 deletion
occurred in the absence of disruption of endothelial junctions.
We demonstrated that exposure of wild-type mice to endotoxin,
which is known to cause acute lung injury and increase protein
permeability, also significantly reduced PV1 protein expression.
We conclude that the key function of PV1 is to regulate lung
endothelial permeability through its ability to restrict the entry of
plasma proteins such as albumin into caveolae and their transport
through the endothelial barrier.
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Endothelial cells forming the intimal layer
of blood vessels make contact with
circulating blood cells and plasma, creating
a semipermeable barrier that restricts
passive diffusion of large molecules and
plasma proteins larger than albumin

(67 kD) (1). Endothelial cells in a
monolayer form endothelial cell-cell
contact via anchoring adherens junctions
and occluding tight junctions (2). These
junctions, a characteristic feature of the
continuous endothelium, consist of

various membrane-spanning adhesive
proteins such as VE-cadherin (vascular
endothelial cadherin), which prevents the
paracellular transport of proteins of the
size of albumin and larger in the normal
endothelium (3). The transport of albumin
through the endothelium is attributed to a
transcellular pathway via caveolae, the
40- to 80-nm diameter, omega-shaped
invaginations that form a linear array
along the apical and basal plasma
membranes (4, 5). Caveolae internalize

cargo such as albumin via receptor-mediated
uptake and fluid-phase endocytosis in
a dynamin-2-dependent manner (6-8).
The internalized caveolae migrate through
the cytoplasm in an actin-dependent
manner, ultimately fusing with the
abluminal membrane to deposit their
contents into tissue (9, 10), a process
termed caveolae-mediated transcytosis
(11, 12).

The caveolar membrane recruits a
variety of proteins such as caveolin-1,
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caveolin-2 and cavins that affect caveolae
formation and shape and signaling effectors
such as eNOS (endothelial nitric-oxide
synthase) that are required for normal
vascular function (13-16). Loss of caveolin-
1 by genetic deletion or mutations causes
flattening of caveolae and leads to vascular
remodeling, aberrant filling of pulmonary
arteries, pulmonary hypertension, and lung
fibrosis (17-19). Endothelial transcytosis is
significantly reduced in cavl™’~ mice,
which is consistent with depletion of
caveolae (11). Loss of albumin binding
protein (e.g., glycoprotein-60 or albondin)
and LDL receptor (low-density lipoprotein
receptor) also reduce the uptake and
transport of albumin and other proteins via
transcytosis (20-23).

The necks of flask-shaped caveolae in
the continuous endothelium (with notable
exceptions of the brain and skeletal muscle)
are spanned by a 5- to 7-nm diaphragm (24).
The role of caveolar diaphragms in caveolae
formation, morphology, and caveolae-
mediated transport remains poorly
understood (25). The only identified protein
component of these diaphragms is PV1
(plasmalemmal vesicle-associated protein-1),
a 60-kD protein that generates highly
ordered oligomers responsible for the
formation of the diaphragm (26-28).
Germline deletion of PV1 was embryonically
lethal in mice bred on a single background
and was less lethal (25% of expected offspring
reaching term) in mice bred on a mixed
background (27, 29). Mice that survived on a
mixed background exhibited striking defects
in vascular development and accumulation of
proteins such as albumin and IgG in
fenestrated organs (27). It appears that
caveolae regulate the stability of PV1 protein
by as-yet-unknown mechanisms, as genetic
deletion of caveolin-1 resulted in the loss of
PV1 in lung endothelial cells (30). Thus,
previous studies have not investigated the
role of PV1 in regulating changes in the
structure of caveolae and permeability
properties of the endothelium. In the present
study, using adult mice in which PV1 was
conditionally deleted in endothelial cells, we
observed the loss of caveolar neck-associated
diaphragms and marked increase in lung
vascular permeability to fluid and albumin.
We also observed surprisingly enhanced
uptake of albumin-gold tracer in the bulb
region of caveolae compared with wild-type
(WT) mice as well as varying amounts of
caveolar swelling, indicative of increased
uptake of albumin and water in absence of
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diaphragm spanning the caveolar neck.
Finally, we observed that PV1 expression
was markedly reduced in the endotoxin
model of acute lung injury (ALI) in mice,
a condition known to increase the
permeability of the lung endothelium.
These results together show that PV1, a
critical component of the diaphragm at
caveolae necks, serves as a key restrictive
barrier for the uptake of albumin and a
determinant of transendothelial
permeability of lung microvessels.

Methods

Mice

Animals were bred and maintained in a
pathogen-free setting at the University of
Ilinois at Chicago after approval by the
Institutional Animal Care and Use
Committee. C57BL/6] mice were purchased
from Jackson Laboratory (no. 000664).
PV1¥® (PV1 flanking/flanked by LoxP)
mice (provided by Radu Stan) (27)

were crossed with endothelial Cdh5-
CreERT?2 (endothelial-specific vascular
cadherin-Cre-estrogen receptor 2) mice
(provided by Ralf Adams), which on
tamoxifen delivery will activate Cre
recombinase activity specifically in
endothelial cells. Tamoxifen (no. T5648;
Sigma) was dissolved in corn oil (10 mg/ml)
and delivered via intraperitoneal injection
daily for 5 consecutive days. Mice were
allowed to rest for 2 or 4 weeks before
experimentation.

Measurement of Pulmonary-Vessel
Filtration Coefficient

Mice were anesthetized and prepared for
experimentation as described previously
(31). Lung weight gain was measured after a
step increase (10 cm H,0) in venous
pressure for 20 minutes. The rate of the
lung weight gain was normalized to the
lung dry weight and pressure change, thus
providing the microvascular filtration
coefficient (ml X min~! X cm H,0 X g of
dry weight™").

Evans Blue-Albumin Uptake and
Albumin Permeability-Surface-Area
Measurements

Evans blue-albumin (25 mg/kg) or
radiolabeled albumin (1 wCi; [***I]albumin
tracer; AnazaoHealth) was injected into
anesthetized mice and allowed to circulate
in the bloodstream for 30 minutes. Mouse

lungs were perfused via the right ventricle
with Dulbecco’s PBS for 2 minutes and
were subsequently extracted, weighed, and
homogenized in 1 ml of Dulbecco’s PBS.
Homogenized samples were combined
with 2 ml of formamide and placed at
60°C for 24 hours. The Evans blue dye
concentration in supernatants was
measured spectrophotometrically at
absorbances of 620 and 740 nm. For mice
exposed to radiolabeled albumin, blood was
withdrawn from the inferior vena cava
before lung perfusion. Radioactivity was
subsequently counted in the indicated
organs and blood samples.

Transmission EM

Colloidal gold-albumin (Au-albumin)
tracer was prepared as previously described
(31). Mice were anesthetized followed by
cannulation of the pulmonary artery and
left atrium. Lungs were first perfused

with Hanks’ balanced salt solution (no.
14025092; Gibco) for 5 minutes. Tracer
solution was subsequently perfused into the
lung and collected from the left atrium for a
period of 15 minutes. Lungs were washed
with Hanks’ balanced salt solution for 5
minutes, fixed via perfusion with 2.5%
glutaraldehyde, 4% paraformaldehyde,

0.1 M HEPES, and 2 mM CaCl,.

Lungs were minced into 1-mm pieces

and subsequently fixed as previously

described (31).

IB

Freshly isolated endothelial cells (32) were
homogenized in radioimmunoprecipitation
assay buffer containing protease and
phosphatase inhibitors. Samples were
subsequently separated via SDS-PAGE,
transferred onto 0.45-pm nitrocellulose
membranes (no. 1620115; BioRad), and
incubated in primary antibodies overnight.
Membranes were incubated with secondary
antibodies the next day, followed by
detection with chemiluminescent reagents.
Western blot quantification was performed
using Image]J software.

Statistics

Results were analyzed using GraphPad
Prism Software. The Student’s ¢ test

was used for experiments involving

two experimental groups. One-way
ANOVA with post hoc Tukey’s
multiple-comparisons test was used for
experiments involving three or more
experimental groups. Two-way ANOVA with
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repeated-measures and post hoc multiple-
comparisons test was used to compare the
basal weight change between genotypes over
the indicated number of days.

Results

Endothelial-Specific Deletion

of PV1 in Mice Increases Lung
Transendothelial Albumin and Fluid
Permeability

To determine the role of PV1 in adult mice,
we generated PVI1“F¢ (endothelial-specific
PV1 knockout) adult mice using PV1 floxed
mice expressing tamoxifen-inducible Cre
driven by Cdh5 promoter (Figure 1A).
Control (PV]ﬂ/ﬂ; Cdh5-CreERT2™/7) and
PVI**E€ mice received tamoxifen from 8 to
10 weeks of age to delete PV1. Deletion
of PV1 after tamoxifen injections was
validated by Western blot analysis of the
lungs (Figure 1B) and by isolated cultured
endothelial cells from these mice (see Figure

showed prominent development of
ascites (Figures 1C and E2) and a 45%
increase in fluid mass as reflected in their
body weight at 5 days after tamoxifen,
which partially recovered over 7 days
(Figure 1D). Ascites fluid contained
protein, lipids, and electrolytes, suggesting
that loss of PV1 increased filtration of
plasma into extravascular spaces (Table
El).

We next focused on the effects
of PV1 deletion on the lungs. Strikingly,
examination of lungs from PVI**5¢ mice
revealed numerous petechiae on the
pleural-surface microvessels, indicative of
red-blood-cell (RBC) extravasation
(Figure 1E). Vascular abnormalities were
not observed in the other organs examined.
To determine whether these findings
were associated with loss of endothelial
cells, we evaluated VE-cadherin protein
concentrations in PV1“*¢ lungs and found
no significant difference (Figures E3A and
E3B). We next determined the RBC count

El in the data supplement). PVI“EC mice  and hematocrit in PV blood samples
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and observed no significant change as
compared with WT mice (Figure 1F).
Endothelial PV1 deletion also did not alter
leukocyte numbers (Figures E4A-E4E).
We observed the control and PVIE¢
mice for up to 4 months after tamoxifen
administration and did not observe any
differences in mortality during this period
(Figure E5).

Compared with those of control
animals, mouse lungs from PVI“F¢ mice
exhibited a 17.6% increase in lung wet
weight 2 weeks after the last tamoxifen
injection (Figure 2A). Extravascular lung-
water content in PVI“F¢ mice was also
elevated as compared with control animals
(Figure 2B). We interrogated lung
transvascular fluid-flux changes by
measuring the lung capillary filtration
coefficient (Ky), which reflected
transendothelial flux of water. Lungs from
PVIEC mice exhibited a 1.6-fold increase
in Ky, fluid permeability as compared with
control animals (Figure 2C). To quantify
protein transport across the lung
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Figure 1. Endothelial cell-specific PV1 (plasmalemmal vesicle-associated protein-1) deletion in mice causes fluid extravasation and capillary

hemorrhages. (A) Generation of PV14E¢ (endothelial-specific PV1 knockout) mice. Transparent boxes with black borders represent exons. The blue and
red boxes represent the FRT and loxP sites, respectively. (B) Western blot analysis of PV1 protein in whole-lung lysates after tamoxifen administration;
n=>5 mice per group. (C) Ascites in PV1EC mice after tamoxifen administration. (D) Time course of basal-weight change in control and PV mice;
n=12 mice/group. (E) Presence of petechiae on the pleural surface of PV1EC lungs and absence of petechiae in PV14EC brain and liver; n=5
mice/group. (F) Quantification of circulating RBCs and hematocrit in PV74E€ mice; n = 3-4 mice/group. Data are shown as the mean + SEM. **P < 0.01,
P <0.001, and ***P < 0.0001. CDH5 = endothelial-specific vascular cadherin; FRT =flippase recognition target; loxP =locus of X over P1; LT =lung
tissue; n.s. =not significant; PV1" = py1 flanking/flanked by LoxP; RBC =red blood cells; TAM =tamoxifen.
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Figure 2. Endothelial cell-specific PV1 deletion induces edema genesis and increased lung
endothelial permeability to fluid and albumin. (4) Edema formation in PV14EC lungs assessed by
wet-to-dry ratio; n=4 mice/group. (B) Elevation of extravascular lung water, which estimates

lung interstitial and/or alveolar fluid, in PV14EC mice; n=4-7 mice/group. (C) Determination of
microvascular capillary filtration coefficient, which is a measure of permeability to fluid; n=4
mice/group. (D) Assessment of Evans blue-albumin (EBA) uptake in mouse lungs; n =3 mice/group.

(E) Elevation of lung albumin permeability X surface area (PS) product in PV

14EC mice, which

represents the probability of albumin permeability across the endothelium; n=5 mice/group.
(F) Albumin PS-product measurement in the brain, which reveals no significant difference in uptake;
n=>5-6 mice/group. Data are shown as the mean = SEM. *P <0.05 and **P < 0.01.

endothelium, we used Evans blue-dye
albumin tracer (25 mg/kg) via intravenous
injection and observed that PVI**5¢ mice
exhibited a 68.9% increase in albumin
uptake in tissue (Figure 2D). Using
['**I]albumin tracer, we also observed
that endothelial PV1 deletion increased
the lung transendothelial albumin
permeability X surface area product, a
direct measure of lung vascular albumin
permeability (33), by 8.3-fold (Figure 2E).
By way of comparison, in brain microvessel
endothelial cells that show far fewer
caveolae (34) and no evidence of caveolar
diaphragms (35, 36), we found that
endothelial cell-specific deletion of PV1
failed to increase brain transendothelial
albumin permeability (Figure 2F).
Interestingly, increased transendothelial
permeability of albumin was also seen

in multiple fenestrated organs after
endothelial cell-specific deletion of PV1
(Figures E6A-E6D), indicating that
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PV1 to varying degrees also controlled
transendothelial albumin permeability in
other vascular beds.

Endothelial PV1 Deletion Increases
Caveolae Size and Uptake of Albumin
Because the above results showed increased
transendothelial permeability of albumin in
PVI™EC mouse lungs, we next determined
whether the loss of the PV1 diaphragm in
caveolae was itself responsible the uptake of
the albumin tracer in caveolae. Here, we
used the 6- to 9-nm-diameter Au-albumin
tracer and performed transmission

EM measurements. We quantified
Au-albumin tracer amounts in plasma
membrane-attached caveolae in PVI14F¢
mice and control mice. PV1 deletion and
absence of diaphragm increased the total
number of albumin particles, primarily
localized in the bulb region of caveolae
(Figure 3A). An increased amount of
albumin tracer was found in the bulb region

ORIGINAL RESEARCH

of caveolae in PVI“*“ mice relative to the
neck region as compared with control mice
(Figure 3A). Studies in lungs from PV1 iAEC
mice also showed thickened basal lamina
and dilation of perivascular space as
compared with control mice (Figure E7A),
indicative of tissue edema formation.
PVIEC alveoli, however, appeared intact,
and there was no other apparent disruption
of endothelial cells (except the absence of
diaphragms) or lung epithelial cells. The
interendothelial junctions also appeared
similar in PV1**#¢ mice as compared with
WT mice (Figure E7B). Besides PV1
deletion in endothelial cells preventing the
formation of diaphragms (Figures 3B and
3C), the only other change was an increase
in the neck diameters (Figures 3D and 3E),
bulb diameters of caveolae (Figures 3D and
3F), and bulb depth (Figures 3D and 3G),
all indicative of gross structural changes in
the caveolar shape.

To assess changes in caveolae numbers
between the two groups, we next counted
caveolae in PVI“*“ mouse lung endothelial
cells and control endothelial cells (Figures
4A and 4B). We observed 52% increase
in tracer-filled endocytic (internalized;
membrane-detached) vesicles (Figure 4C).
When normalized to the total number of
endocytic caveolae present in each sample,
the percentage of endocytic caveolae
carrying the Au-albumin tracer in PVI
was significantly increased compared with
control mice (Figure 4C). Concurrently, we
observed a 26% reduction in luminal
caveolae carrying Au-albumin (Figure 4D).
When normalized to the total number of
membrane-attached caveolae present in
each sample, the percentage of membrane
caveolae carrying the tracer in PVI“¢ was
significantly increased as compared with
control mice (Figure 4D). PV1 deletion,
however, did not affect the total caveolae
number (Figure 4E). The overall number
of internalized Au-albumin tracer particles
in PVI“¥¢ lung endothelial cells was
nearly double that observed in control-
mouse lung endothelial cells (Figure 4F).
We also noted that caveolae clusters
were present in greater abundance in
PVI™EC endothelial cells (Figures ESA
and E8B). Our analysis thus revealed a
significant increase in caveolae clusters
present both at the endothelial cell
membrane and in the cytoplasm. These
data suggest that PV1 deletion promotes
caveolar fusion and clustering of endocytic
vesicles.

iAEC
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Albumin Uptake in
Endothelial Caveolae
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Figure 3. Endothelial PV1 deletion induces caveolar bulb swelling and increased uptake of alboumin in bulb domain in endothelial cells. (A) Increased
accumulation of albumin in the bulb region of caveolae. The neck-to-bulb albumin ratio (a relative ratio of albumin distribution in the vesicle) was

significantly reduced in PV1AEC

caveolae, whereas the absolute number of bulb particles significantly increased. (B and C) Presence and absence of

caveolar diaphragms in control and PV1AEC lung endothelia, respectively. Scale bars, 0.10 um. (D) lllustration of caveolae, highlighting the caveolar neck
and bulb regions. Caveolae depth was determined by measuring the length from the lowest point in the bulb to the highest point in the caveolae neck
region. At least 100 caveolae/group were selected for morphometric analysis. (E-G) Assessment of caveolae neck width (E), caveolae bulb width (F),
and caveolae depth (G) in PV12EC endothelial cells. Experiments were performed with three mice per group. Data are shown as the mean = SEM.

****P < 0.0001. Cap = capillary lumen.

Endothelial PV1 Controls Plasma
Protein Homeostasis

Because endothelial PV1 deletion in adult
mice increased vascular permeability to both
fluid and albumin (Figures 2C and 2E),
we assessed whether PV1“4*“ mice also
exhibited reduced plasma protein
concentrations and blood pressure.
Analysis of PV1“FC mice showed 58% and
84% reductions in plasma albumin
concentrations at 2 and 4 weeks after
tamoxifen administration, respectively
(Figure 5A). PV1**E€ mice also exhibited
50% and 77% reductions in total protein
at 2 and 4 weeks after tamoxifen
administration (Figure 5B). PVI***¢ mice
were hypotensive, with systolic pressure
reduced by 29% (Figure 5C) and diastolic
pressure reduced by 44% 4 weeks after
tamoxifen administration (Figure 5D),
respectively. We also assessed the protein
content in urine and ascites. PV1“**“ mice
did not exhibit elevated urine protein at 4
weeks after tamoxifen administration (data

not shown), whereas the ascites protein
concentration was 20% of the plasma
concentration (data not shown). Thus, the
increase in transendothelial albumin
permeability in lungs and other organs
secondary to endothelial PV1 deletion
resulted in loss of albumin and reduction in
arterial pressure.

Endotoxin Downregulates PV1
Expression in Mouse Lungs

Previous studies have suggested that
caveolae-mediated transport contributes to
the pathophysiology and mortality rate of
ALI (37, 38). Because the results above
showed that PV1 regulated the filling of
caveolae with albumin and caveolae shape,
we determined PV1 expression in mouse
models with ALI. A recent study published
by our group has investigated the
endothelial translatome in mice exposed to
LPS during injury and recovery phases
(39). We analyzed data from this study
(http://www.rehmanlab.org/ribo) and

Jones, Friedrich, Hong, et al.: PV1 Restricts Caveolae-mediated Endocytosis

found that endotoxin reduced ribosome-
associated PV1 mRNA expression

6 hours after LPS delivery in the lungs,
suggesting that endothelial cells respond
to inflammation by downregulating PV1
transcription and/or translation. Given
these findings, we assessed PV1 protein
expression in an inhaled LPS injury
model, which induces vascular
inflammation in lungs. In these
experiments, WT mice were exposed
daily for 1 hour to nebulized LPS for

a consecutive 4 days, as described by
Oliveira and colleagues (40), and PV1
expression was analyzed in lungs at the
indicated times (Figure E9A). PV1 protein
concentrations decreased at Day 4 and
persisted up to Day 7 after LPS exposure
(Figures E9B and E9C). In contrast, we
have shown previously that caveolin-1
expression amounts in lungs were reduced
at Day 4, but unlike those of PV1, they
recovered fully by Day 7 (40). Thus, LPS
markedly reduced PV1 expression.
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Figure 5. PV1 in the endothelium functions to restrict the loss of plasma proteins. (A and B) Loss of serum albumin and total serum protein in blood
harvested from PV14EC mice at 2 and 4 weeks after tamoxifen administration; n = 3-4 mice/group. (C and D) Reduction in systolic and diastolic vascular
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composing the diaphragm at the neck
region of the caveolae (24), increased
transendothelial permeability to albumin
and fluid. These studies were made in vivo
by measuring the K. and the albumin
permeability X surface area product in
mouse lungs (3), in which both measures of
endothelial permeability were markedly
increased. Furthermore, we demonstrated
that deletion of PV1 caused swelling of
caveolae, as evident by the increases in the
diameters of caveolae necks and caveolar
bulbs, which was coupled to augmented
filling with albumin nanoparticles, mostly
localized in the caveolae bulbs in the
absence of the diaphragm. Finally, we
observed a rapid reduction of PV1
expression in mouse lungs after
LPS-endotoxin exposure, which may
contribute to increased caveolae-mediated
transport during endotoxemia (38). These
findings thus indicate a novel role for PV1
in regulating caveolae-mediated transport
of albumin and fluid across continuous-
type endothelium and a possible role of
PV1 in the increase in lung vascular
permeability seen during endotoxemia.

Loss of the caveolae-associated proteins
caveolin-1/2 and cavins affect caveolae
formation and blood-vessel organization
and also increase the susceptibility to organ
failure (17, 18, 44). We demonstrated that
caveolin-1 deficiency was associated with
abnormalities in pulmonary-artery filling
and induced pulmonary hypertension (19).
Here, we show that endothelial PV1, the
component of the caveolae that forms the
neck-spanning diaphragm, has a distinct
function. The observation that PV1*45¢
mice rapidly developed protein-rich ascites
points to an endothelial barrier-restrictive
function of PV1 through its ability to form
caveolae neck-associated diaphragms. The
diaphragm may reduce the flux of plasma
proteins and fluid into caveolae. This
function of PV1-generated diaphragms is
consistent with our observations of
significantly increased transendothelial
albumin permeability and edema formation
in PVI*€ lungs. The loss of plasma
albumin in PVI“**¢ mice into tissue and
elevated tissue oncotic pressure may
be the primary driving force for the
transendothelial filtration of water,
resulting in ascites and edema formation
seen in multiple organs, including the
lungs.

The present studies describe an
important role for PV1 in the regulation of

transendothelial albumin transport. We
showed through morphometric analysis
that PV1 controlled caveolar shape rather
than caveolae formation and abundance.
Increased caveolae neck diameter and
enlarged caveolae seen in PV1 AEC mice
were correlated with increased uptake of
tracer albumin, suggesting that the
diaphragm itself is a barrier that restricts
uptake of albumin. The mechanism of
diaphragm-mediated restriction in the
filling of caveolae with albumin is not
known. One possibility is that the spoke-
like features composing the diaphragms can
function as a sieve, limiting the entry of
albumin and other large molecules into
caveolae. We observed in the PVI4FC
endothelium that caveolae swelling and
filling of albumin in the bulb regions of
caveolae occurred in the absence of open
adherens junctions. Thus, the increase in
transendothelial albumin permeability in
PVI™EC mice is likely attributable to
enhanced caveolae-mediated transport, as
opposed to increased permeability via the
interendothelial junction. We also noted an
increased tendency of caveolae to form
clusters in PVIFC endothelial cells,
reflecting lower membrane tension due to
the increase in internalized caveolae and
associated cytoskeletal rearrangements
occurring during endocytosis (45, 46).

In support of this finding, increased
production of intracellular ceramide, which
promotes albumin internalization, was
associated with formation of caveolae
clusters in rat kidney cells (47, 48).
Vacuoles present in both control and
PVI*E€ endothelia were far less abundant
than caveolae and thus were unlikely

to contribute increased endothelial
permeability in PVI“FC mice.

PV1 has a role in embryonic
development (27, 29). Analysis of PVI /=
embryos revealed focal hemorrhaging at
E16.5, which preceded mortality at E17.5
(29). In our study, we found that adult
PVI™EC mice survived for longer than 4
months after tamoxifen administration
and remained relatively active despite the
loss of serum protein and increased
endothelial permeability. Interestingly,
gross analysis of PVI“** organs indicated
that hemorrhaging occurred in lungs and
not in other organs. These findings
correlate with the expression profile of PV1
in different organs, with lung endothelial
PV1 expression being greater than that of
most other organs (24). Our results did not

Jones, Friedrich, Hong, et al.: PV1 Restricts Caveolae-mediated Endocytosis

show any changes in VE-cadherin
expression, endothelial-junction
permeability, or alveolar barrier disruption.
The presence of petechial hemorrhages,
indicative RBC extravasation into tissue,
might reflect transcellular migration of
RBCs occurring via the enlarged caveolae in
PVI™F€ mouse endothelium. EM studies in
rabbits with thrombocytopenia showed
diapedesis of RBCs, which was associated
with an elevated number of internalized
caveolae-like vesicles (49). In addition,
another study showed that caveolin-1 was
necessary for leukocyte diapedesis and that
it was localized near intracellular ICAM-1-
positive microdomains (50). It is therefore
possible that the increased internalization
of the enlarged caveolae in endothelial
cells after loss of PV1 contributes to the
transmigration of RBCs seen in the PV1“E¢
mouse endothelium.

Increased endothelial permeability is a
feature of ALIL a condition that has an
~26% mortality rate (51). Caveolae-
mediated transcytosis of albumin may
contribute to increased transendothelial
albumin permeability and edema formation
in ALI (37, 38). In a recent study, we
analyzed RNA-sequencing data generated
from studies involving mice expressing
hemagglutinin A tags specifically in
endothelial cell ribosomes (39). In these
studies, the endothelial translatome was
determined at several time points after LPS
challenge to uncover differential endothelial
responses to endotoxin in the lungs, heart,
and brain. Using available data from this
study (http://www.rehmanlab.org/ribo), we
found that endotoxin reduced PV1 gene
expression in the continuous endothelia of
lungs and heart at 6 hours after LPS
administration, whereas expression in the
brain endothelium remained unchanged.
Notably, brain endothelial cells expressed
relatively little PV1 at baseline and after
LPS administration, which is consistent
with the results of previous studies in mice
(52). In the present study, we found that
PV1 protein expression was reduced in the
lungs of WT mice after exposure to
nebulized LPS. Thus, endothelial cells
respond to LPS by downregulating
PV1 transcription and expression.

The significance of our observation of
decreased PV1 expression after endotoxin
administration is not clear. It is possible
that as with deletion of PV1 in endothelial
cells of PVI“* mice, the endotoxin-
induced decrease in PV1 may similarly
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impair the sieve function of the diaphragm
and hence contribute increased lung

va

transcytosis after LPS challenge.

endothelial PV1 functions in the normal
lung to reduce transendothelial albumin
permeability through restricting caveolae-

scular permeability of albumin via

In summary, we demonstrate that

mediated uptake of albumin. Studies made
in PVI¥¢ mice showed that PV1 regulated
the structure of caveolae minimizing the
diameters of caveolae necks and the bulb
region of caveolae. Deletion of PV1 also
increased the uptake of albumin in the bulb
region and permeability of albumin across
the endothelial barrier. Thus, loss or

dysregulated function of PV1 in disease
states such as endotoxemia may enhance
transendothelial permeability through
increased uptake and transport of
albumin. W

Author disclosures are available with the text
of this article at www.atsjournals.org.
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