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Direct evidence for the role of caveolin-1
and caveolae in mechanotransduction
and remodeling of blood vessels
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Caveolae in endothelial cells have been implicated as plasma membrane microdomains that sense or transduce
hemodynamic changes into biochemical signals that regulate vascular function. Therefore we compared long-
and short-term flow-mediated mechanotransduction in vessels from WT mice, caveolin-1 knockout (Car-1
KO) mice, and Car-1 KO mice reconstituted with a transgene expressing Cav-1 specifically in endothelial cells
(Car-1 RC mice). Arterial remodeling during chronic changes in flow and shear stress were initially examined
in these mice. Ligation of the left external carotid for 14 days to lower blood flow in the common carotid artery
reduced the lumen diameter of carotid arteries from WT and Car-1 RC mice. In Car-1 KO mice, the decrease in
blood flow did not reduce the lumen diameter but paradoxically increased wall thickness and cellular prolif-
eration. In addition, in isolated pressurized carotid arteries, flow-mediated dilation was markedly reduced in
Cav-1 KO arteries compared with those of WT mice. This impairment in response to flow was rescued by recon-
stituting Cav-1 into the endothelium. In conclusion, these results showed that endothelial Cav-1 and caveolae

are necessary for both rapid and long-term mechanotransduction in intact blood vessels.

Introduction
Caveolae are described as distinct flask-shaped invaginated structures
present at the surface of many cell types including endothelium (1).
Contrary to the noncaveolar regions of the surface membrane, which
are mainly composed of phospholipids, they have a very unique lipid
composition enriched in cholesterol and sphingolipids. Among the
3 isoforms that have been described (caveolin-1 [Cav-1], Cav-2, and
Cav-3), Cav-1 is the major coat protein of endothelial caveolae and is
necessary for caveolae assembly. Indeed, several studies have shown a
complete loss of caveolae organelles in blood vessels, adipocytes, and
fibroblasts obtained from Cav-1-deficient mice (2, 3). In caveolae,
Cav-1 can interact with itself to form homo-oligomers as well as with
several other signaling proteins. Indeed, some intracellular signal-
ing molecules such as the G protein a subunits, G protein-coupled
receptors, receptor and nonreceptor tyrosine kinases, a number of
GTPases (such as Ras and Raf), eNOS, and some components of
the MAPK pathway have been described to be enriched in isolated
caveolae and interact with Cav-1 (4, 5). Interestingly, several reports
in the literature have shown that a large number of these signaling
molecules are involved in flow/shear stress-mediated activation of
endothelial cells. This suggests that Cav-1 and/or caveolae itself may
serve as flow-activated mechanosensors or transducers of physiologi-
cal responses in intact blood vessels.

The hypothetical role for caveolae in flow mechanosensing was
first examined using a model of rat lung perfused in situ. Increas-
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ing flow and pressure in the perfused lung increased protein-
tyrosine phosphorylation, eNOS activation, and coupling to the
Ras/Raf/ERK MAPK pathway in a cholesterol-dependent man-
ner (6-8). A better understanding of the mechanisms involved in
flow-induced endothelial activation came from studies performed
on cultured cells exposed to laminar flow in vitro. In bovine and
human endothelial cells, chronic shear induced an increase in cave-
olae density at the luminal plasma membrane coupled with a trans-
location of Cav-1 from the Golgi to the plasma membrane. Chronic
shear-exposed cells showed an increase in tyrosine phosphoryla-
tion of luminal surface proteins and activation of some well-known
shear-sensitive signaling molecules (such as ERK, AKT, and eNOS)
(9-12). In addition, it has been shown that under flow stimulation,
cholesterol-disrupting drugs impaired activation of flow-sensitive
proteins. Indeed, B-cyclodextrin (known to disrupt caveolae struc-
ture by depleting cholesterol content in endothelial cells) inhibited
flow activation of ERK (13). Similarly, in rabbit aorta perfused
ex vivo, cyclosporin A (reported to deplete cholesterol content
from caveolae without disrupting their structure) decreased flow-
induced phosphorylation of eNOS (at serine 1179) (14).

Despite the above findings, direct in vivo evidence supporting
the role of Cav-1 during physiological arterial responses to flow
is lacking. Indeed, the conclusions raised from the above experi-
ments are mostly extrapolations of in vitro data aiming to mimic
in vivo physical forces but lacking in vivo characteristics that may
be relevant for mechanotransduction. First, it has been shown that
the number of caveolae in cultured cells is dramatically lower com-
pared with in vivo conditions by 80- to 1,000-fold even under flow
conditions (5). Second, the cholesterol-disrupting drugs common-
ly used cannot distinguish cholesterol-enriched domains (called
lipid rafts) from caveolae and can change membrane permeability
(15, 16). Finally, and most importantly, all cultured endothelial
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Figure 1

Characterization of carotid arteries from WT, Cav-7 KO, and Cav-7 RC mice. (A) PCR genotyping from
genomic DNA extracted from tails of WT (lower band, endogenous murine Cav-1), Cav-1 KO (upper band,
neomycine cassette), and Cav-7 RC mice (middle band, canine Cav-1 transgene). 1 kb plus, DNA Mw ladder.
(B) Protein levels of eNOS, Cav-1, and Cav-2 in 4 pooled carotid arteries. hsp90 was used as a loading
control. (C) In situ whole-mount immunostaining performed in WT, Cav-71 KO, and Cav-1 RC carotid arter-
ies showed expression of Cav-1 protein (red) and endothelial cell marker PECAM-1 protein (green). (D)
Representative transmission electron micrographs performed in carotid arteries from WT, Cav-1 KO, and
Cav-1 RC mice. Arrows indicate the presence of caveolae. C and D are representative of 4 experiments.

cells are isolated from their physiological environment and
therefore lacking their 3-dimensional orientation, contact with
the neighboring cells, and constant exposure to the dynamically
changing mechanical forces elicited by the cardiac cycle.

Thus a more definitive assessment of the role of caveolae and
Cav-1 under physiological conditions using better defined tools
is necessary. Therefore, the goal of our study was to use a genetic
approach to determine the role of caveolae and Cav-1 in flow-
mediated mechanotransduction using Cav-1 knockout (Car-1 KO)
mice, which exhibit a complete loss of caveolae within the vessel
wall, and in Car-1 KO mice in which endothelial Cav-1 has been
reconstituted (Cav-1 RC mice), which exhibit caveolae formation
only in the endothelium. Our data document that Car-1 KO mice
had impaired shear stress regulation of vessel diameter in vivo and
in vitro, effects that were rescued by re-expression of endothelial
Cav-1. These data suggest that caveolae and Cav-1 are required for
short- and long-term mechanotransduction in blood vessels.

Results

Generation of transgenic mice expressing endothelial Cav-1 on a Cav-1-
deficient background. As shown in Figure 1A, PCR genotyping dem-
onstrated that WT mice expressed the endogenous murine Cav-1
gene. Cav-1 KO mice were identified by the presence of the neomy-
cin cassette and the absence of endogenous murine Cav-1. Cav-1
KO mice bred to the endothelial-specific transgenic Cav-1 mice
(17) generated Cav-1 RC mice, which were identified by the pres-
ence of the neomycin cassette and the transgenic canine Cav-I
gene and the lack of the endogenous murine Cav-1 gene. Figure
1B documents protein expression in isolated carotid arteries from
these mice. In all groups of mice, expression of eNOS and hsp90
were equal. In Cav-1 KO vessels, Cav-1 and Cav-2 proteins were
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both absent due to the role of Cav-1
in stabilizing Cav-2 protein levels
(18, 19). Interestingly, in Cav-1 RC
mice, the expression of both Cav-1
and Cav-2 was restored. The lower
expression of Cav proteins observed
in Cav-1 RCs was due to the fact
that Cav-1 is only re-expressed in
ECs lining the vessels and that ECs
are less numerous than smooth
muscle cells and fibroblasts, which
also express endogenous Cav-1.
Next we used whole-mount stain-
ing of the endothelium to examine
the extent of Cav-1 reconstitution
in the endothelium. As shown in
Figure 1C, WT and Cav-1 RC mice
had relatively equal levels of immu-
noreactive Cav-1 in endothelial cells
as defined by the endothelial cell
marker PECAM-1. Cav-1 KO vessels
lacked endothelial Cav-1 immu-
noreactivity without changing the
levels of PECAM-1. In multiple
experiments, we estimated that
greater than 90% of the endothelial
cells from carotid arteries, intra-
pulmonary arteries, and aortas
were reconstituted by the transgene
(data not shown). Cav-1 KO mice lack caveolae organelles in several
tissues including blood vessels, adipocytes, and fibroblasts (2, 3).
As shown in Figure 1D, transmission electron micrographs docu-
mented the presence of ample caveolae in ECs lining WT carotid
arteries, the loss of endothelial caveolae in Car-1 KO vessels, and
the presence of caveolae organelles in the Car-1 RC vessels. These
results confirmed that Cav-1 expression in endothelial cells was
necessary and sufficient for caveolae formations, as previously
reported (2, 3). Thus we have generated a model of endothelium-
specific Cav-1 reconstitution in the Car-1 KO background, result-
ing in the formation of endothelial caveolae.

Cav-1 KO mice have impaired flow-dependent arterial remodeling in
vivo and exhibit medial thickening, effects that are rescued by re-expres-
sion of endothelial Cav-1. In order to assess how changes in flow and
attendant shear stress affect arterial remodeling in vivo, we ligated
the external carotid artery and examined flow-dependent remod-
eling in the common carotid arteries of WT, Car-1 KO, and Cav-1
RC mice. In this model, ligation of the left external carotid artery
(LECA) resulted in a 30% decrease in flow (and shear stress) and
a 10-20% decrease in lumen diameter of the left common carotid
artery (LCA) — with no changes in flow and size of the contralateral
carotid artery — in WT mice, as previously described by our group
(20, 21). As shown in Figure 2A, ligation of the LECA for 14 days
in WT mice reduced lumen diameter in the LCA by approximately
13% compared with the contralateral right common carotid artery
(RCA), without any change in wall thickness (Figure 2, A and B).
In contrast, ligation of the LECA in Car-1 KO mice did not change
LCA lumen diameters but markedly increased wall thickness (by
37%) compared with RCAs. The increased wall thickness was not
due to alterations in extracellular matrix, as demonstrated by the
similar patterns of trichrome staining in Figure 2C. To assess the
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with the vasoconstrictor phen-
ylephrine (Phe) prior to exam-

ining flow responses. In pres-
surized vessels, the responses
to Phe were not significantly
different among the 3 strains
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Cav-1 KO Cav-1 RC (see Methods). Under these
conditions, rapid stepwise
increases in intraluminal flow
rates (from 0 to 800 ul/min)
induced a significant increase
in carotid artery lumen diam-
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R eter in WT, Cav-1 KO, and
= Cav-1 RC x Cav-1 RC mice reflecting flow-

* . .
dependent dilation. However,

these responses were markedly
reduced in Car-1 KO arteries
compared with WT arteries
(P <0.05,80-800 wl/min) and
Endothelium  Media _ Adventitia were rescued by reconstitution
of Cav-1 in Car-1 RC arteries
(P<0.05,100-800 wl/min, Car-1
KO versus Car-1 RC; NS, WT

Cav-1 is necessary for chronic flow-induced remodeling in vivo, an effect rescued by reconstitution of Cav-1  versus Cav-1 RC; Figure 3A). We
in the endothelium. After 2 weeks of external carotid arterial ligation, morphometric analysis was performed  also expressed the increases in
in perfusion-fixed RCAs and LCAs from WT (n = 6), Cav-7 KO (n = 11), and Cav-1 RC (n = 9) mice. (A) Mor-  [umen diameter in response to

phometric analysis showed a reduction in the lumen diameter of LCAs
in WT and Cav-1 RC mice, with no changes in lumen diameter in Cav-1

flow remodeling stimulus. Wall thickness remained constant in remodeled LCAs from WT and Cav-1
RC mice, whereas wall thickness increased in LCAs of Cav-1 KO mice. (B and C) Representative images

compared with contralateral RCAs

ared changes in flow as a function
KO mice, in response to a reduced

of shear stress (t), calculated
as (4uQ)/(wur®), where u repre-

of H&E- (B) or trichrome-stained (C) cross sections of LCAs isolated from WT, Cav-7 KO, and Cav-7  Sents the viscosity Coefﬁden_ti
RC mice showed obvious increased wall thickness in remodeled Cav-7 KO arteries. Magnification, x400. O, the flow rate; and 7, the radi-
(D) Increased BrdU incorporation into remodeled LCAs from Cav-1 KO mice. Values are mean + SEM.  us of the lumen of the vessel

*P < 0.05, 1-way ANOVA with Bonferroni post test.

proliferation of cells during remodeling, mice of the 3 genotypes
were injected with BrdU, and the BrdU labeling index was assessed.
As shown in Figure 2D, the increase in wall thickness in Cav-1 KO
mice was associated with an increase in BrdU incorporation into all
layers of the vessel wall. This effect was corrected in Car-I RC mice,
suggesting that the loss of endothelial Cav-1 increases flow-depen-
dent proliferation and that Cav-1 is critical for mediating the abil-
ity of changes in flow to be coupled to inward remodeling in vivo.
Endothelial reconstitution of Cav-1 in Cav-I RC mice rescued the
abnormal vascular remodeling observed in Car-1 KO, thus allowing
for a reduction in lumen diameter without significant changes in
wall thickness. In conclusion, Cav-1 and endothelial caveolae were
critical for arteries to sense flow changes in vivo and transduce the
signals into molecular events that control lumen diameter and wall
thickness (i.e., proportional vascular remodeling).

Cav-1 KO mice have impaired flow-induced vasodilation rescued by re-
expression of endothelial Cav-1. It is well appreciated that another
physiological readout for the actions of shear stress on blood ves-
sel function is flow-dependent dilation. To assess whether Cav-1 is
important for shear-dependent changes in vessel diameter, we exam-
ined flow-dependent dilation of carotid arteries isolated from WT,
Cav-1 KO, and Cav-1 RC mice. Isolated carotid arteries were cannu-
lated, set to their in vivo length, and pressurized, and responses to
rapid stepwise increases in flow rate were evaluated. Since conduit
arteries do not exhibit myogenic tone, vessels were preconstricted

(Figure 3B). We found that

at any given shear stress, WT

and Car-1 RC mice responded
similarly, whereas Car-1 KO mice exhibited reduced responsiveness.
Thus these data show that in vitro flow-dependent dilation of pres-
surized arteries was dependent on Cav-1.

Since in vitro flow-dependent dilation is known to be partially
NO dependent (22-24) and Cav-1 is considered a negative regula-
tor of eNOS function (2, 3, 25), we examined responses to another
endothelium-dependent vasodilator, acetylcholine (Ach), in pressur-
ized carotid arteries. In carotid arteries isolated from eNOS knock-
out mice, Ach-mediated vasodilation is absent, demonstrating that
eNOS-derived NO is the major endothelial-derived relaxant in these
vessels (26). As shown in Figure 3C, Ach dose-dependently increased
lumen diameter to a similar extent in pressurized carotid arteries iso-
lated from WT, Cav-1 KO, and Cav-1 RC mice with a trend toward
greater responsiveness in Cav-1 KO vessels. In a different preparation
examining dilation of carotid arterial rings under isometric condi-
tions, responses to Ach in WT and Cav-1 RC carotid arteries were sim-
ilar; however, Ach-induced relaxations in Cav-1 KO carotid arteries
shifted leftward (Figure 3D), consistent with our hypothesis as well
as previously published data (3, 4) that Cav-1 exerts an inhibitory
action on eNOS. Indeed, the ECso, which represents the concentra-
tion of agonist causing 50% of the maximal effect, was reduced in
Cav-1 KO carotid rings compared with WT rings (2.88 x 10~ mol/1
versus 1.16 x 108 mol/l, respectively). Therefore, the impaired flow-
dependent dilation in Cav-1 KO vessels is likely due to impaired
shear-dependent signaling to eNOS, but not necessarily to a gross
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Figure 3

Cav-1 is necessary for flow-induced vasodilation, an effect
rescued by reconstitution of Cav-1 in the endothelium. (A)
Flow-induced dilations were observed in pressurized isolat-
ed carotid arteries from WT (n = 10), Cav-1 KO (n = 8), and
Cav-1 RC mice (n = 6). Increases in lumen diameter were
expressed as a function of flow rate. The flow-induced dilation
was impaired in Cav-7 KO mice compared with WT and Cav-1
RC mice. (B) Increases in lumen diameter (from the same
experiments as in A) were expressed as a function of shear
stress (measured as dyn/cmz2, where 1 dyn = 1 g/cm/s?). (C)
Ach-induced dilations were examined after Phe contraction in
pressurized isolated carotid arteries from WT (n = 6), Cav-1 KO
(n=9), and Cav-1 RC mice (n = 3). (D) Ach-induced dilations,
expressed as percent relaxation of the Phe contraction, were
examined in carotid rings from WT (n = 4), Cav-1 KO (n = 4),
and Cav-1 RC mice (n = 4) mounted in a wire myograph under
isometric conditions. Values are mean + SEM. *P < 0.05,
2-way ANOVA with Bonferroni post test.
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decline in eNOS function, since Ach responsiveness was normal or
enhanced in carotid arteries from Car-1 KO mice.

Decrease of eNOS activation in response to flow in Cav-1 KO mice. The
above data suggest that the loss of Cav-1 impairs flow-dependent
coupling to eNOS activation. In order to assess whether the loss
of Cav-1 impairs flow-dependent eNOS activation, pressurized
carotid arteries from all 3 genotypes were treated with Nw-nitro-L-
arginine methyl ester hydrochloride (L-NAME), and flow-induced
dilation was examined. As shown in Figure 4A, L-NAME reduced
flow-dependent changes in diameter in isolated WT carotid arter-
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ies. Interestingly, L-NAME did not impair flow-induced dilata-
tion in Cav-1 KO arteries (Figure 4B); rather, a trend toward an
enhanced response to flow at higher flow rates was observed,
which suggests that in the absence of Cav-1, flow-dependent
coupling to eNOS is diminished in response to changes in shear
stress. Similar to WT mice, L-NAME significantly reduced the
response to flow in Car-1 RC mice (Figure 4C), demonstrating
that reconstitution of Cav-1 back into the endothelium was suffi-
cient to restore eNOS activation in response to shear stress. Com-
parison of the effects of L-NAME on flow-dependent responses
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Cav-1 is necessary for flow-induced eNOS activation. (A-D) Flow-induced dilations in pressurized isolated carotid arteries in the absence
(circles) and presence (triangles) of L-NAME from WT (A; filled symbols; n = 4 and 10 with and without L-NAME, respectively), Cav-1 KO (B; open
symbols; n = 4 and 8 with and without I-NAME, respectively), and Cav-7 RC mice (C; gray symbols; n = 4 and 6 with and without I-NAME, respec-
tively). (D) Comparison of flow-induced dilation performed in the presence of L-NAME between the 3 strains (n = 4 per group). The responses
to flow were similar between all groups of mice in the presence of L-NAME. *P < 0.05. (E) Basal eNOS phosphorylation on serine 1176 was
reduced in Cav-7 KO mice and rescued in Cav-1 RC mice. Carotid arterial lysates were prepared as described in Methods, and densitometric
evaluation of the normalized ratio of phosphorylated eNOS to total eNOS is shown below. (F) The localization of eNOS in intact carotid arteries
was similar in WT, Cav-7 KO, and Cav-7 RC mice. Arrow reflects the direction of flow through the vessel segment.
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in carotids isolated from WT and Cav-1 RC mice to responses
in Cav-1 KO vessels showed that the curves were superimposed
(Figure 4D). Next we examined whether the phosphorylation status
of eNOS on serine 1176, reflecting the in situ activation of eNOS,
was different among the 3 strains (27-29). As shown in Figure 4E,
Western blotting of carotid arteries from Car-1 KO mice revealed
areduction in basal eNOS phosphorylation on serine 1176. Endo-
thelium-specific reconstitution of Cav-1 restored the level of phos-
phorylation to that seen in WT mice. Finally, we examined the
subcellular localization of eNOS in isolated carotid arteries using
en face imaging. As shown in Figure 4F, in WT carotid arteries, a
majority of eNOS was localized in a distinct perinuclear crescent
mainly downstream from the flow axis; this pattern was similar for
Cav-1 KO and Car-1 RC mice and consistent with previous studies
examining in situ eNOS localization (30, 31).

Discussion
Shear stress is a biomechanical force generated by laminar flow on
the surface of the endothelium and thought to play a major role
in vascular physiology and disease. However, the mechanisms by
which endothelial cells sense this mechanical stimulus and trans-
form the signals into intracellular biochemical signals that change
vessel structure and function have not been fully characterized
in vivo. Caveolae and Cavs have been suspected to be involved
in flow mechanosensing or transduction, based on changes in
phosphorylation of resident caveolae proteins with altered pres-
sure and flow (6-12) and in vitro experiments showing choles-
terol-dependent activation of flow-mediated intracellular signal-
ing pathways (13, 14). Thus our findings provide what we believe
to be the first in vivo demonstration that endothelial cell Cav-1
and caveolae may serve as mechanosensors and/or transducers in
arterial responses to changes in blood flow in intact blood vessels.
We showed that flow-dependent responses in intact blood vessels
required endothelial Cav-1 and caveolae, as seen by the defects
in chronic flow-dependent remodeling and acute flow-depen-
dent dilation in Car-1 KO mice. More importantly, reconstitu-
tion of endothelial Cav-1 into the knockout background rescued
endothelial caveolae and the abnormal responsiveness of the ves-
sels, providing clear genetic evidence supporting the role of Cav-1
in responses to flow changes in vivo.

Shear stress forces vary proportionally to flow and inversely pro-
portionally to vessel diameter. As a consequence of this relation-
ship, in response to long-term increases or decreases in blood flow,
vessels will remodel their diameters (i.e., increase or decrease their
lumen diameters, respectively) in order to normalize shear forces.
In mice, rats, and rabbits, reductions in arterial diameter produced
by chronic decreases in blood flow have been shown to be endo-
thelium dependent as well as eNOS dependent (20, 21, 32, 33).
In eNOS knockout mice, flow-dependent luminal remodeling is
impaired and demonstrates paradoxical changes in vascular mor-
phology, that is, no change in lumen diameter with increased wall
thickness and cellularity (20). These results suggested that eNOS
may act as a mechanotransducer to couple flow-activated NO
release to long-term hemodynamic changes that regulate aspects
of extracellular matrix turnover; endothelial and smooth muscle
cell proliferation, migration, and organization; and responsiveness
to growths factors necessary for adaptive remodeling. Remarkably,
in the present study, chronic flow-dependent remodeling in carot-
id arteries from Cav-1 KO mice phenocopied the abnormal remod-
eling response displayed in eNOS-deficient mice (i.e., no change in
1288
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lumen diameter with an increase in wall thickness associated with
increased BrdU incorporation). The increase in wall thickness and
cellular proliferation in Car-1 KO mice is in good agreement with a
recent study performed in these mice where carotid blood flow was
stopped by complete ligation and a robust increase in neointima
formation was shown (34). Most importantly, our data shows that
the endothelium lacking caveolae was unable to couple changes in
blood flow with proportional vascular remodeling, suggesting that
Cav-1 or caveolae, per se, might represent an initial flow mechano-
sensor directly regulated by luminal blood flow. Moreover, we were
able to partially correct this abnormal phenotype by reconstitut-
ing endothelial Cav-1 in the global Cav-1-deficient background.
Collectively, these data strongly support the in vivo importance
of the Cav-1/eNOS axis in remodeling, since mice lacking eNOS
or Cav-1 develop a similar abnormal vascular remodeling pheno-
type in response to changes in flow and shear stress — despite the
fact that in one model, eNOS is completely missing during vascu-
lar development and adulthood (eNOS7~ mice), and in the other,
eNOS is present but mechanocoupling to eNOS may be impaired
(Cav-1 KO mice). A defect in coupling to eNOS in mice lacking
caveolae is consistent with the recent demonstration that VEGF
signaling is diminished in Car-1 KO mice (35).

It is appreciated that in the endothelium lining conduit vessels
Cav-1 may serve as an endogenous inhibitor of eNOS function
and NO production (2, 3, 5). The genetic loss of Cav-1 increases
agonist-stimulated cGMP accumulation, endothelial-dependent
relaxation in isolated aortae, and circulating NO levels (2, 3). Para-
doxically, in the present study, we show that acute flow-dependent
dilations in pressurized carotid arteries were reduced in the face of
normal eNOS protein levels and normal or enhanced Ach-stimu-
lated endothelial-dependent relaxations. Moreover, these altered
responses in Cav-1 KO vessels were corrected by re-expression of
Cav-1 in the endothelium. In the perfused rat lung vasculature,
a rapid increase in flow and pressure induces a rapid increase
in eNOS activity, which has been shown to occur specifically in
caveolar compartments. This has been correlated with the rapid
dissociation of Cav-1 from the Cav-1/eNOS complex and a con-
comitant association of eNOS with calmodulin (7). Thus, one
possible explanation for our data is that in the absence of caveo-
lae microdomains, flow-dependent activation of lipid raft and/or
caveolar-associated eNOS is reduced, leading to an impairment of
flow mechanotransduction, while agonist-induced (Ach) eNOS
activation (which may not require eNOS to be in caveolae; ref. 16)
remains intact or actually increased due to the loss of the direct
inhibitory influence of Cav-1 on eNOS. Our data showing that
L-NAME diminished flow-dependent dilation in WT and Cav-1 RC
carotid arteries but was ineffective in vessels isolated from Cav-1 KO
mice strongly supports the idea that the loss of caveolae impairs
flow coupling to eNOS. Moreover, basal eNOS phosphorylation
on serine 1176 in mice, a key regulatory site of phosphorylation
by many kinases including Akt, AMP kinase, and cAMP-dependent
protein kinase, was reduced in extracts prepared from Cav-1 KO
vessels, suggesting that flow activation of upstream kinases may be
impaired. An alternative possible mechanism was that perhaps the
loss of caveolae results in eNOS mislocalization as suggested by
some (35) but not all investigators (16, 36); however, this is not the
case, based on similar en face imaging of eNOS in vessels from WT,
Cav-1 KO, and Cav-1 RC as seen in intact endothelium of humans
(37) and of mice expressing the functional reporter eNOS-GFP as
a transgene (30, 31).
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Two very recent studies propose different mechanosensory
complexes, both linked to the integrin/src/PI3K pathways, that
may regulate shear signalling. One proposes that VE-cadherin,
PECAM-1, and VEGFR2 constitute a mechanosensory/trans-
ducing complex in cultured endothelial cells that senses the flow
upstream of integrins and transduces the signal via src/PI3K and
activation of nuclear factor kB in order to promote F-actin reor-
ganization and cell alignment (38). The role of PECAM-1 in flow
sensing and flow-dependent eNOS activation and dilation has
been recently reported by some (39-41) but not all (42, 43) inves-
tigators, and VEGFR2 activation is critical for shear-induced
cell signalling (44) and eNOS phosphorylation (45). There are
data showing that VEGFR2 can be found in caveolae and that
VEGFR2 activation is impaired in endothelial cells from Cav-1
KO mice (35), consistent with the lack of flow-dependent eNOS
activation in vessels from Cav-1 KO mice in the present study.
The other study shows that inhibition of focal adhesion kinase
(FAK) signaling markedly impairs flow-induced dilation as well
as Akt and eNOS phosphorylation in isolated coronary arterioles
(46). Given the previously described role of Cav-1 as an integral
molecule involved in integrin-dependent, flow-mediated activa-
tion of FAK and actin reorganization (47, 48), the present genetic
evidence supporting endothelial Cav-1 and caveolae in both acute
and chronic adaptation to flow suggests that both junctional
complexes (VE-cadherin and PECAM-1) and FAK most likely
collaborate with resident caveolar proteins (Cav-1, VEGFR2, and
eNOS) to integrate flow-dependent responses in vivo.

Methods

Mice. All animal studies were approved by the Institutional Animal Care
and Use Committees of Yale University. Cav-1 KO mice were generated
by excision of exon 3 as described (2). Cav-1 heterozygous mice (F4) were
intercrossed to generate litters of all 3 genotypes (WT, heterozygous, and
homozygous, i.e., WT, Cav-1"-, and Cav-17/) identified by PCR. Cav-1
RC mice were generated by crossing transgenic mice (Cav-1 TG) carry-
ing canine Cav-1 transgene under the prepro-endothelin-1 promoter
expressed specifically in the endothelium (17) with Cav-1/- mice. All mice
were genotyped for the presence of endogenous murine Cav-1 (present in
WT mice only; forward, 5'-TTTACCGCTTGTTGTCTACGA- 3'; reverse,
S'-TATCTCTTTCTGCGTGCTGA- 3'); the presence of the neomycin
cassette (present in Cav-1 KO and Car-1 RC mice; forward, S'-TATTCT-
GCCTTCCTGATGATAACTG- 3'; reverse, 5’ -CCTGCGTGCAATC-
CATCTTGTTCAATG- 3') and the presence of the canine Cav-1 transgene
(present in Cav-1 RC mice only; forward, 5" -GCAACATCTACAAGCCCAA-
CAACA- 3'; reverse, 5'-CAGCCTCAAAGAACGGGTCACAGA- 3'). Male
hybrid littermate mice (8-14 weeks old) from WT, Car-1 KO, or Cav-1 RC
were used in this study. Anesthesia was done by intraperitoneal injection
of ketamine/xylazine (80 mg/kg ketamine, 10 mg/kg xylazine).

Western blotting. For each group of mice, 3 carotid arteries were pooled to
permit detection of specific proteins. At sacrifice, mice common carotid
arteries were pulverized on dry ice and then immersed in protein lysis buffer
in microcentrifuge tubes and rotated for 60 minutes at 4°C. Insoluble mate-
rial was removed by centrifugation at 12,000 g for 10 minutes at 4°C, and
35 ug protein from tissue lysates was analyzed by Western blot analysis for
phosphorylated eNOS 1177, total eNOS, Cav-1, Cav-2, and hsp90 proteins.

External carotid artery ligation model. After anesthesia, mouse LECAs were
ligated as previously described (20, 21). Briefly, the LECA was ligated from
its origin with 7-0 nylon suture (United States Surgical). All animals were
injected with BrdU subcutaneously (25 mg/kg) 3 days before sacrifice daily
and intraperitoneally (30 mg/kg) 12 hours and 24 hours before death to
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label proliferating cells. After 14 days, mice were perfusion fixed (mean
pressure of 100 mmHg with 4% paraformaldehyde in PBS, pH 7.4), and
common carotid arteries were embedded in O.C.T. (Tissue-Tek; Sakura
Finetek Company). Cryosections (5 um) of arteries were obtained for H&E
or elastic lamina staining. For morphometric analysis, elastin staining was
performed on 10 independent cross-sections from 5 carotid arteries in each
group. Cross-section images were collected using a Zeiss microscope and
online charge-coupled device camera (DAGE-MTI). The circumference of
internal elastic lamina (IEL) was measured, and artery diameter was calcu-
lated. The distance from IEL to external elastic lamina (EEL) in 4 locations
of each section was measured by image analysis software (Scion Image Beta
4.0.2; Scion Corp.). The average was taken as wall thickness.

Histology and immunobistochemistry. For BrdU staining, arterial sections (5 pum)
were quenched for endogenous peroxidase, blocked by 10% goat serum,
and incubated with anti-BrdU (1:300 dilution; BD Biosciences — Pharmin-
gen). Bound primary antibodies were detected using avidin-biotin-peroxi-
dase (NovaRed peroxidase substrate kit; Vector Laboratories). BrdU index
was the percentage of BrdU-positive cells of total nuclei in endothelium,
media and adventitia. Trichrome staining was done by using Accustain
Trichrome Staining kit (Sigma-Aldrich). For whole-mount staining, mouse
carotid arteries were fixed with 4% paraformaldehyde (4°C, 10 min),
permeabilized with 0.3% Triton-X PBS (room temperature, 30 min),
and PBS containing 3% fetal bovine serum (room temperature, 30 min).
The arteries were incubated with rabbit anti-Cav-1 polyclonal antibody
(1:1,000 dilution; Santa Cruz Biotechnology Inc.), rat anti-PECAM
polyclonal antibody (1:400 dilution; BD Biosciences), and anti-eNOS
monoclonal antibody (1:300 dilution; BD). Alexa 568 anti-rabbit IgG and
488 anti-rat IgG (Invitrogen Corp.) were used as secondary antibodies
(1:200 dilution, room temperature, 1 hr).

Pressurized and perfused isolated carotid arteries. Midsternal thoracotomy
was performed, and LCAs and RCAs were carefully exposed and quickly
excised. Blinded experiments were performed using WT, Cav-1 KO, and
Cav-1 RC carotid arteries, which were then mounted in vitro in an arte-
riograph, where flow and pressure can be modified independently, as
described previously (22, 23). Briefly, the carotid artery was cannulated
at both extremities and placed in a bath containing a modified Krebs-
Ringer solution (118.3 mmol/I NaCl, 5.5 mmol/l glucose, 4.7 mmol/l KCI,
2.5 mmol/l CaCl,, 1.2 mmol/l KH,PO4, 1.2 mmol/l MgSOy, 25 mmol/1
NaHCOs3, and § mmol/l HEPES, pH 7.4) at 37°C and gassed with a mix-
ture of 95% O,/5% CO,. Intraluminal and extraluminal perfusions were
provided by 2 perfusion pumps. The carotid artery was maintained under a
transmural pressure of 70 mmHg throughout the experiments. The inter-
nal diameters were determined with a binocular loop (Model XC-73; Sony
Corp.) connected to a video camera system (Living System Instrumenta-
tion Inc.). The pressure at both ends of the artery was monitored using 2
pressure transducers (P1 and P2) placed at equal distances from the ves-
sel. Therefore, the mean pressure calculated from P1 and P2 pressures
can be assumed to be representative of the lumen pressure of the artery.
Furthermore, during flow increases experiments (from 0 to 800 ul/min),
intraluminal pressure was maintained using a pressure servo-control (Liv-
ing System Instrumentation Inc.) connected downstream of the vessel,
so that flow could be increased without significant changes in pressure.
The difference in pressure (P1 - P2) recorded at the maximal flow rate
imposed to the vessel (800 ul/min) in Car-1 KO and Cav-1 RC mice were
similar to the WT group of mice (11.6 £ 0.7 mmHg, 10.9 + 0.4 mmHg,
and 13.5 + 1.2 mmHg; P = NS). The lumen diameter of the artery, as well
as the upstream (P1) and downstream (P2) pressures, were continuously
recorded using Chart software (version 4.2 for Windows; ADInstruments)
software. At the beginning of each experiment, vessels were equilibrated
for 40 minutes at 70 mmHg with no flow rate intraluminally. The pres-
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ence of a functional endothelium was evaluated by assessing the relaxation
by Ach (1 wmol/l; Sigma-Aldrich) during L-Phe hydrochloride-induced
contraction (1 wmol/l; Sigma-Aldrich). All the experiments included in
further analysis showed a relaxation by Ach greater than 70%, revealing
that the endothelial layer was not damaged.

Responses to step increases in flow rate (from 0 to 800 ul/min) were eval-
uated during contraction to Phe (present intraluminally and extraluminal-
ly), as carotid arteries do not develop myogenic tone. We matched Phe con-
tractions with the WT group of mice (-81 + 11 um [n = 10], -108 = 14 um
[n=8],and -53 + 5 um [n = 6] in WT, Car-1 KO, and Car-1 RC mice, respec-
tively; P= NS, WT versus Cav-1 KO and Cav-1 RC).

In a separate set of experiments, we assessed the effects of L-NAME
(100 wmol/l; Sigma-Aldrich) on the responses to flow in WT, Car-1 KO, and
Cav-1 RC mice (n = 4 per group), again during precontraction with Phe. The
change in pressure recorded at the maximal flow rate imposed to the vessel
(800 wl/min) in WT and Cav-1 RC mice were similar to the Car-1 KO group
of mice (14.7 + 0.8 mmHg, 10.2 + 0.7 mmHg, and 12.1 + 0.6 mmHg, respec-
tively; P = NS). After verification of the integrity of the endothelial layer as
described above, L-NAME and Phe were incubated simultaneously intra-
luminally and extraluminally for 45 minutes, and step increases in flow
rates were performed similarly to the above-mentioned control conditions
(Phe without L-NAME). We matched the contractions reached in presence
of Phe plus L-NAME between both groups of mice (WT, -158 + 35 um;
Cav-1 KO, -155 + 47 um; Cav-1 RC, -158 + 37 um; n =
P=NS between WT, Cav-1 KO, and Car-1 RC).

Responses to Ach (from 10~ to 105 M) were also examined in this sys-

4 per group;

tem after precontraction with Phe. Again, we matched the Phe-induced
contractions with the WT group of mice (WT, -78 = 6 um [n = 6]; Cav-1
KO, -114 + 16 um [n = 9]; Car-1 RC,-70 + 13 um [»n = 3]; P= NS, WT versus
Cav-1 KO and Cav-1 RC).

Carotid arterial ring studies. Carotid arteries from WT, Car-1 KO, and Cav-1
RC mice were cut into 2-mm-long rings. Rings were suspended by 2 tungsten
wires mounted in a vessel myograph system (Danish Myo Technology A/S).
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Carotid rings were bathed in oxygenated Krebs buffer (119 mmol/l NaCl,
11 mmol/l glucose, 4.2 mmol/l KCl, 2.5 mmol/I CaCl,, 1.2 mmol/l KH,POs,,
1.2 mmol/I MgSO4, 25 mmol/l NaHCO3, 0.026 mmol/l EDTA) and submit-
ted to a resting tension of 5 mN. After 30 minutes of equilibration with
frequent washings, concentration response curves for Phe were generated
to determine vasoconstrictor responses. To study vasodilator responses,
rings were preconstricted with a concentration of Phe corresponding to the
ECso.70, and dilations to Ach (from 10-? to 10-° M) were examined.

Statistics. All data are expressed as mean + SEM. In in vitro studies, data
are given as change in diameter (wm) or tension relaxation (%). Statisti-
cal evaluation was performed using either 1-way or 2-way ANOVA for
repeated measures followed by a Bonferonni post test. In in vivo stud-
ies, statistical evaluation was performed by use of ANOVA for repeated
measures followed by Bonferroni post test. A value of P < 0.05 was con-
sidered statistically significant.
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