W) Check for updates

ORIGINAL RES
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Abstract

Chronic hypoxia (CH) augments depolarization-induced pulmonary
vasoconstriction through superoxide-dependent, Rho kinase—
mediated Ca>* sensitization. Nicotinamide adenine dinucleotide
phosphate oxidase and EGFR (epidermal growth factor receptor)
signaling contributes to this response. Caveolin-1 regulates the activity
of a variety of proteins, including EGFR and nicotinamide adenine
dinucleotide phosphate oxidase, and membrane cholesterol is an
important regulator of caveolin-1 protein interactions. We
hypothesized that derangement of these membrane lipid domain
components augments depolarization-induced Ca*" sensitization and
resultant vasoconstriction after CH. Although exposure of rats to CH
(4 wk, ~~380 mm Hg) did not alter caveolin-1 expression in
intrapulmonary arteries or the incidence of caveolae in arterial smooth
muscle, CH markedly reduced smooth muscle membrane cholesterol
content as assessed by filipin fluorescence. Effects of CH on
vasoreactivity and superoxide generation were examined using
pressurized, Ca® " -permeabilized, endothelium-disrupted pulmonary

Plasma membrane lipid domains regulate a
wide range of cellular responses. Caveolae,
one such domain, are small plasmalemmal
invaginations that compartmentalize a
variety of signaling molecules that regulate
signal transduction (1-3) and lipid
transport (4). Cav-1 (Caveolin-1) is a

protein that is required for the formation of
caveolae (5), and the scaffolding domain of
Cav-1 regulates many membrane-
associated proteins, including Src family
tyrosine kinases, small GTPases, and
endothelial nitric oxide synthase (6-8).
Cav-1 also directly binds cholesterol

arteries (~~150 wm inner diameter) from CH and control rats.
Depolarizing concentrations of KCl evoked greater constriction in
arteries from CH rats than in those obtained from control rats, and
increased superoxide production as assessed by dihydroethidium
fluorescence only in arteries from CH rats. Both cholesterol
supplementation and the caveolin-1 scaffolding domain peptide
antennapedia-Cav prevented these effects of CH, with each treatment
restoring membrane cholesterol in CH arteries to control levels.
Enhanced EGF-dependent vasoconstriction after CH similarly required
reduced membrane cholesterol. However, these responses to CH were
not associated with changes in EGFR expression or activity, suggesting
that cholesterol regulates this signaling pathway downstream of EGFR.
We conclude that alterations in membrane lipid domain signaling
resulting from reduced cholesterol content facilitate enhanced
depolarization- and EGF-induced pulmonary vasoconstriction after
CH.

Keywords: caveolae; caveolin-1; membrane cholesterol;
pulmonary hypertension

(9), serves as a cholesterol transporter
(4, 10), and can regulate the cholesterol
content in lipid microdomains such as
caveolae (11).

Pulmonary hypertension (PH) is
associated with changes to a variety of
signaling mechanisms. Data suggest that
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altered lipid domains contribute to these
responses. For example, Cav-1 expression is
decreased in humans with idiopathic PH
and in several animal models of PH (12-15),
and this alteration causes endothelial
dysfunction mediated in part through
decreased Ca®" entry after chronic hypoxia
(CH) (16). Cav-1 knockout mice also
demonstrate increased pulmonary vascular
resistance and PH (15, 17). Hypoxia
additionally reduces cholesterol levels (18),
which are a key regulator of lipid domains
such as caveolae (9, 19).

Although these changes have been
demonstrated largely in endothelial cells, the
physiological role of Cav-1 and cholesterol
in smooth muscle cells is less well defined.
Previously, we have demonstrated enhanced
depolarization-induced vasoconstriction
involving EGFR (epidermal growth factor
receptor) and NADPH oxidase 2 (NOX2) in
smooth muscle of pulmonary arteries (20).
This EGFR and NOX2 activation leads to
superoxide (O, )-dependent, ROK (Rho
kinase)-mediated Ca®" sensitization (21).
Interestingly, studies have shown that
Cav-1/caveolae can regulate both EGFR
and NOX (13, 22, 23), and other studies
indicate that cholesterol can directly
regulate EGFR and NOX activation (24,
25). Therefore, our aim in this study was to
determine the contribution of the lipid
domain components Cav-1 and cholesterol
to enhanced depolarization-induced
vasoconstriction, Ca>™ sensitization, and
O, production after CH. We addressed this
issue by examining the effect of the Cav-1
scaffolding domain and manipulation of
membrane cholesterol on pulmonary
vasoconstriction and O, production in
pressurized pulmonary arteries from CH
and control rats. Our findings reveal that
alterations in lipid domains facilitate
enhanced vasoconstriction and Ca**
sensitization after CH.

Methods

Animals and CH Exposure

All protocols and procedures in this

study were reviewed and approved by

the Institutional Animal Care and Use
Committee of the University of New Mexico
Health Sciences Center. Male Sprague-
Dawley rats (250-350 g, age 3-4 mo; Harlan
Industries) were used for all experiments.
The rats were housed in a hypobaric
chamber for 4 weeks with barometric
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pressure at ~380 mm Hg. Age-matched
control rats were housed in similar
cages at ambient atmospheric pressure
(~630 mm Hg). We have previously
demonstrated that this 4-week CH
exposure protocol results in PH, arterial
remodeling, and right ventricular
hypertrophy (26-29). An expanded
METHODS section detailing the protocols
and statistics used is available in the data
supplement.

Results

Caveolae Number and Cav-1
Expression Are Unaltered after CH
Effects of CH on the incidence of caveolae
were assessed by transmission EM in
pulmonary arterial vascular smooth muscle
(VSM) cells from CH and control rats. We
observed no difference in the number of
caveolae normalized to cell membrane
length between groups (Figure 1A). Levels
of Cav-1 in intrapulmonary arterial
homogenates also did not differ between
CH and control arteries as assessed by
Western blotting (Figure 1B).

CH Exposure Decreases Smooth
Muscle Cell Membrane Cholesterol

To determine whether CH alters pulmonary
VSM cholesterol content, we measured the
fluorescence intensity of the cholesterol-
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binding probe filipin (30) in the medial
layer of small pulmonary arteries from
control and CH rats by confocal
microscopy. CH decreased the VSM
cholesterol content, as indicated by lower
filipin fluorescence compared with that in
vessels from control rats (Figure 2). Methyl-
B-cyclodextrin (MBCD, 10 mM) alone,
used to deplete cholesterol, significantly
reduced cholesterol in control arteries, and
had a similar but nonsignificant effect
(P=0.058) in the CH group. Cholesterol
supplementation increased cholesterol
levels in arteries from both control and CH
animals as expected, although cholesterol
content remained lower in the CH group
than in the control group. Nevertheless, this
method of cholesterol supplementation
served to normalize the cholesterol content
in CH arteries to that in vehicle-treated
control arteries, thus providing a useful
approach to evaluate the role of reduced
cholesterol in enhanced vasoconstrictor
sensitivity after CH in subsequent
experiments.

Decreased Membrane Cholesterol
Facilitates Enhanced Depolarization-
induced Vasoconstriction and O5"
Generation after CH

The vasoreactivity protocols we used in this
study assessed responses to depolarizing
concentrations of KCl using a pressurized
rat pulmonary artery preparation that

B
Control CH
CaV-1I-— — — — —
B-Actin
1.00 ~ [ Control
I CH
< 0.75 A
"5 T
@
< 0.50
s
©
© 0.25
0.00

Figure 1. Chronic hypoxia (CH) does not alter pulmonary arterial smooth muscle cell caveolae
number or Cav-1 (caveolin-1) expression. (A) Sample electron micrographs and mean caveolae
number per cell membrane length (wm) in pulmonary arterial smooth muscle cells from control (n =34
images from three rats) and CH (n =25 images from three rats) animals. Arrows indicate individual
caveolae. Data are means = SE. Scale bar: 100 nm. (B) Representative Western blots and mean
densitometric data for Cav-1 normalized to B-actin in intrapulmonary arteries from CH and control
rats. Values are means = SE of n =4 rats/group. There are no significant differences between groups.
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Figure 2. CH decreases pulmonary arterial smooth muscle membrane cholesterol. (A) Representative images of filipin fluorescence (arbitrary units [AU])
as a marker of membrane cholesterol content in pulmonary arteries from control and CH rats after treatment with vehicle, methyl-B-cyclodextrin (MBCD)
(10 mM), or supplemental cholesterol. Scale bar: 50 um. (B) Mean filipin fluorescence in control and CH arteries under vehicle, MBCD, and cholesterol
repletion conditions. Values are means =+ SE of n=5-7 animals/group. *P < 0.05 versus respective control. *P < 0.05 versus respective vehicle.

permits simultaneous measurement of fura-2-acetoxymethyl ester to monitor
vessel inner diameter and vessel wall vessel wall [Ca®"];. Arteries from control
[Ca®*],. All vessels were endothelium and CH rats were additionally
disrupted to evaluate the effects of CH on  Ca®"-permeabilized to clamp [Ca**];,
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Figure 3. Augmented depolarization-dependent pulmonary arterial constriction after CH is prevented
by cholesterol repletion. (A-D) Vasoconstriction in response to KCI (% baseline inner diameter) and
vessel wall [Ca®*]; (Faao/Faso) in pressurized, Ca®*-permeabilized, endothelium-disrupted arteries
from CH and control rats under conditions of cholesterol repletion (A and B), cholesterol depletion
with MBCD (C and D), or after administration of their respective vehicles. Vessel wall [Ca®*];
(Faao/Fas0) Was not different between groups/treatments and was unaltered by depolarizing
concentrations of KCl after Ca?* permeabilization, confirming Ca2*-clamp conditions. Values are
means * SE of n=4-5 rats/group. *P < 0.05 CH vehicle or CH MBCD versus the control group.

#P < 0.05 CH cholesterol versus CH vehicle. B =baseline fura-2 (Fsao/Faso) fluorescence.

of voltage-gated Ca’ " entry. In prior studies
using this preparation (20, 21), we found
that CH enhances depolarization-induced
vasoconstriction that is independent of
L-type Ca®" channels or changes in [Ca®™];,
and instead is mediated by O, -induced
ROK activation.

To evaluate the importance of reduced
membrane cholesterol for enhanced
vasoconstrictor sensitivity after CH, we
examined the effects of cholesterol
supplementation or depletion on KCl-
induced vasoconstriction in arteries from
control and CH rats. Cholesterol repletion
prevented the enhanced vasoconstriction to
KCl observed in Ca*"-permeabilized CH
arteries and normalized responses between
groups (Figure 3A). Cholesterol depletion
with MBCD, in contrast, had no effect
on vasoconstriction in either group
(Figure 3C), indicating that this pathway
cannot be evoked in control arteries by
merely removing cholesterol. As expected,
neither CH exposure nor cholesterol
modification significantly altered vessel wall
[Ca®*); in Ca2+-clamped arteries (Figures
3B and 3D). There was no difference in
baseline diameter between CH (162 = 2 pm;
n=35) and control (160 £ 1 pwm; n=28)
arteries.

Using the same vessel preparation, we
observed elevated basal and KCl-induced
O, production (measured by dihydroethidium
[DHE] fluorescence) after CH in vehicle-
treated arteries (Figures 4A and 4B), similar
to what was previously described (20, 21).
In contrast, KCl did not alter O,
production in arteries from control rats
pretreated with vehicle. O, production
in response to KCl in CH arteries was
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Figure 4. Cholesterol repletion prevents KCl-induced O, production in pulmonary arteries from CH rats. (A and B) Dihydroethidium (DHE) fluorescence
(AU) in pressurized, Ca®"-permeabilized, endothelium-disrupted arteries from control and CH rats under conditions of cholesterol repletion (4) or

cholesterol depletion with MBCD (B). KCI (60 mM) was administered 1 minute into the recording. Values are means = SE of n = 4-5 rats/group. *P < 0.05
versus the respective control group. *P < 0.05 CH cholesterol versus CH vehicle.

prevented by cholesterol supplementation
(Figure 4A), whereas MBCD had no effect
on either CH or control arteries

(Figure 4B). Although cholesterol had a
tendency to reduce basal O, generation in
arteries from CH rats (Figure 4A), this
result was not significant (P=0.065). We
have previously documented the specificity
of DHE for detection of O, in this and
similar preparations (21, 31, 32).

AP-Cav Prevents Enhanced
Depolarization-Dependent
Vasoconstriction and O Production
after CH

In addition to regulating the activity of
various membrane proteins (6-8), Cav-1
can modulate cholesterol trafficking to the
cell membrane (4, 10). Consistently, we
observed that the membrane-permeable
Cav-1 scaffolding domain peptide
antennapedia (AP)-Cav (10 nM; also
known as Cavtratin), restored membrane
cholesterol in CH arteries to the level in
controls (Figure 5). Similar to the effects of
cholesterol repletion, AP-Cav prevented
enhanced vasoconstriction to KCl in
arteries from CH rats (Figure 6A) and
normalized responses between groups.
KCl did not increase vessel wall Ca**,
confirming Ca*" clamp by ionomycin
(Figure 6B), and vessel wall Ca®" levels
under basal conditions and after KCl
administration were not different between

712

treatments. In agreement with these
findings, AP-Cav lowered basal DHE
fluorescence in pulmonary arteries from
CH rats to the level in controls, and
prevented the effect of KCl to increase O,
production (Figure 7).

Enhanced EGF-Dependent
Vasoconstriction after CH Requires
Reduced Membrane Cholesterol

We have previously established that EGFR is
required for enhanced depolarization-
induced vasoconstriction after CH (20) and
that EGF induces vasoconstriction through

A

AP-Scramb AP-Cav

50 ym

ROK-mediated Ca®>" sensitization in
pulmonary arteries from CH, but not
control, rats (26). Therefore, we sought to
examine the role of cholesterol in regulating
EGFR and its downstream signaling by
stimulation with EGF. EGF (0.1 nM to

1 wM) caused a concentration-dependent
vasoconstriction in nonpermeabilized CH
arteries (Figure 8A) but elicited only
minimal constriction in control arteries.
This constriction in CH vessels was not
associated with a significant increase in
vessel wall Ca>", indicating involvement
of a Ca®>" sensitization mechanism
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Figure 5. The caveolin-1 scaffolding domain, antennapedia (AP)-Cav, restores membrane
cholesterol in puimonary arteries from CH rats. (A) Representative images of filipin fluorescence (AU)
depicting membrane cholesterol in arteries from CH rats after pretreatment with AP-Cav or its
scrambled control peptide (AP-Scramb) (10 wM each). Scale bar: 50 wm. (B) Mean filipin fluorescence
in control and CH arteries after AP-Cav or AP-Scramb. Values are means = SE of n=8-11
animals/group. *P < 0.05 versus the respective control. *P < 0.05 versus CH AP-Scramb.
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Figure 6. AP-Cav prevents enhanced pulmonary arterial constriction in response to KCI after CH.
(A) Vasoconstrictor (% baseline inner diameter) and (B) vessel wall [Ca?*]; (fura-2, Faso/Faso)
responses to KCl in pressurized, Ca?*-permeabilized, endothelium-disrupted pulmonary arteries
from CH and control rats in the presence of AP-Cav or AP-Scramb (10 M each). Vessel wall [Ca?™y;
was not different between groups or treatments, confirming Ca®*-clamp conditions. Values are
means * SE of n=5-6 rats/group. *P < 0.05 versus control AP-Scramb. *P < 0.05 CH AP-Cav

versus CH AP-Scramb.

(Figure 8B) that we have previously
demonstrated to be EGFR-, NOX2-, and
ROK-dependent (20, 21). Whereas
supplemental cholesterol had no significant
effect on vasoconstriction in response to
EGF in control arteries, responses to EGF
were nearly abolished by cholesterol in
vessels from CH rats (Figures 8C and

8D). Because the responses to EGF in
controls were minimal, we validated the
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Figure 7. CH-induced increases in basal and
KCl-stimulated O, production in pressurized
pulmonary arteries are prevented by AP-Cav.
DHE fluorescence (AU) under basal conditions
and after administration of KCI (60 mM beginning
at 1 min) in pressurized, Ca?*-permeabilized,
endothelium-disrupted pulmonary arteries from
control and CH rats. Values are means = SE

of n=4-5 rats/group. *P < 0.05 versus the
respective control group at all time points.

#P < 0.05 CH AP-Cav versus CH AP-Scramb at
all time points. TP < 0.05 versus CH AP-Scramb
before KCI administration.
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viability of the preparation by assessing
vasoconstriction in response to uridine 5'-
triphosphate (10 wM) at the conclusion of
each experiment. As predicted, cholesterol
supplementation had no effect on
responsiveness to uridine 5’-triphosphate
in cholesterol-replete vessels from control
rats (vehicle: % constriction =68 *+ 13,
AF;40/F350=0.43 * 0.13; cholesterol:

% constriction =75 *+ 8, AF34/F3g0=

0.55 = 0.15).

Pulmonary arterial EGFR expression
and EGF-induced EGFR phosphorylation
were assessed in intrapulmonary arteries
from each group by Western blotting to
determine whether enhanced EGFR-
dependent vasoconstriction after CH is
associated with increased EGFR expression
or activity. However, CH did not
significantly alter EGFR expression
(Figures 9A and 9B), and levels of
basal phosphorylated EGFR were nearly
undetectable in both groups (e.g., see
Figure 9C for CH arteries). Surprisingly,
despite a lack of vasoconstriction in
response to EGF in control arteries, EGF
(100 nM) led to robust increases in EGFR
phosphorylation in both control and CH
arteries, resulting in similar levels of
phosphorylated EGFR in the two groups as
assessed by the ratio of phosphorylated
EGFR/total EGFR (control: 2.16 * 0.36,
n==6; CH: 2.49 = 0.45, n=8). Furthermore,
neither supplemental cholesterol
(Figure 9D) nor AP-Cav (Figure 9E)
significantly altered EGF-induced EGFR
phosphorylation in CH arteries.

Discussion

In the current study we examined the
contribution of Cav-1 and membrane
cholesterol content to enhanced
depolarization-induced pulmonary arterial
Ca®”" sensitization and constriction after
CH. The major findings of this study are
as follows: 1) CH exposure in rats did not
alter Cav-1 expression in pulmonary
arteries or caveolar number in smooth
muscle, but reduced VSM cell membrane
cholesterol content; 2) the Cav-1
scaffolding domain peptide AP-Cav
restored VSM membrane cholesterol
levels in CH rats to the levels observed

in controls; 3) both cholesterol
supplementation and AP-Cav prevented
enhanced depolarization-induced
vasoconstriction and O, production after
CH; 4) greater EGFR-mediated constriction
in pulmonary arteries from CH rats was
similarly prevented by cholesterol
supplementation; and 5) CH did not alter
pulmonary arterial EGFR expression or
EGF-induced EGFR phosphorylation. We
conclude that alterations in membrane lipid
domains resulting from reduced cholesterol
content in pulmonary VSM cells facilitate
augmented depolarization-induced and
EGFR-mediated Ca®" sensitization and
vasoconstriction after CH. However, these
responses to CH are not dependent on
changes in EGFR expression or activity
(Figure 10).

CH Reduces Membrane Cholesterol
but Does Not Alter the Incidence of
Caveolae

The effects of CH on the membrane

lipid components caveolae and cholesterol
have not previously been investigated

in pulmonary VSM. CH had no effect

on either caveolae number or Cav-1
expression (Figures 1A and 1B). However,
CH significantly reduced levels of
cholesterol in untreated pulmonary
arteries. This is in agreement with
findings in rat pulmonary arterial
endothelial cells (33) and cultured rabbit
fibroblasts (34). In CHO-7 cells, hypoxia
impairs cholesterol synthesis

via degradation of 3-hydroxy-3-
methylglutaryl-CoA reductase, the rate-
controlling enzyme in cholesterol synthesis
(18). In contrast to our findings, others
have reported elevations in Cav-1 in
monocrotaline-induced PH (35, 36).
Clinical findings also show increased VSM
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Figure 8. Loss of membrane cholesterol facilitates EGF (epidermal growth factor)-dependent
vasoconstriction after CH. (4) Vasoconstrictor and (B) vessel wall [Ca®*7; (Faao/Faso) responses to EGF
in pressurized, endothelium-disrupted, nonpermeabilized pulmonary arteries from CH and control
rats. (C and D) Vasoconstrictor responses to EGF in arteries from control (C) and CH rats (D) in the
presence of supplemental cholesterol or vehicle. Values are means = SE of n=4-5/group. *P < 0.05

versus control or vehicle.

expression of Cav-1 in idiopathic
pulmonary arterial hypertension (37)

and patients with chronic obstructive
pulmonary disease (38). However, other
studies have demonstrated reduced Cav-1
expression in PH (12-15). The reasons for
these discrepancies are unknown, but they
could reflect differences in the species
examined, disease etiology, or the model of
PH studied.

Previous studies from our laboratory
demonstrated an effect of CH to lower
membrane cholesterol content in
pulmonary endothelial cells. This reduction
in endothelial membrane cholesterol
contributes to endothelial dysfunction by
limiting a variety of Ca®" entry pathways
(33), thereby promoting an imbalance that
may favor production of vasoconstrictor
and mitogenic factors that contribute to
PH. Consequently, reduced membrane
cholesterol content in multiple vascular
wall cell types may function synergistically
to augment vasoconstrictor sensitivity and
arterial remodeling in the hypertensive
pulmonary circulation.
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Effects of Altered Lipid Domains on
Pulmonary Vasoreactivity

Our laboratory has previously
demonstrated enhanced ROK-dependent
Ca" sensitization in pulmonary arteries
from CH rats (21, 39, 40). Depolarization-
induced ROK-mediated Ca** sensitization
and vasoconstriction after CH are mediated
by EGFR-dependent NOX2 activation and
O, production (20). The present study
indicates a unique role for lipid domain
dysfunction in facilitating this response.
Decreased membrane cholesterol is
required for augmented vasoconstriction
to KCl because cholesterol repletion
(validated by filipin fluorescence)
normalized the response in Ca”*-
permeabilized arteries from CH animals
to the level observed in controls (Figure
3). Similarly, O,  production evoked

by KCI was prevented by cholesterol
supplementation in the CH group. After
depletion of membrane cholesterol with
MBCD, vasoconstriction and O,
generation in normoxic control arteries
remained normal, indicating that reduced

ORIGINAL RESEARCH

cholesterol alone is not adequate to evoke
enhanced vasoreactivity after CH. This
suggests that PH is associated with changes
in signaling components other than lipid
domains, which are required to evoke
augmented depolarization-induced
vasoconstriction, and yet reductions in
membrane cholesterol are necessary to
observe this phenotype.

Although our data suggest a direct role
for reduced membrane cholesterol in
augmenting vasoconstriction in CH arteries,
these findings certainly do not preclude a
role for caveolae/Cav-1 in facilitating this
response, as Cav-1 expression is cholesterol
dependent and cholesterol is believed to be
rate limiting for Cav-1 trafficking to the
plasma membrane, which is necessary for
caveolae formation (19). Although
reductions in membrane cholesterol
associated with CH exposure did not
change Cav-1 expression or caveolae
number, it may be that diminished
cholesterol or Cav-1 within caveolae
alters the properties of these signaling
domains, thereby coupling membrane
depolarization to EGFR- and NOX2-
mediated constriction. Cholesterol oxidation,
potentially through increases in oxidative
stress, can also result in Cav-1 dysfunction
(41). Therefore, as opposed to a decrease in
total membrane cholesterol, it is possible
that increased oxidized cholesterol (not
detected by filipin fluorescence) facilitates
activation of EGFR and NOX2 in arteries
from animals with PH. Future studies will
be necessary to investigate this possibility,
as well as the mechanism by which
depolarization mediates EGFR stimulation
independently of L-type voltage-gated
Ca*" channels, which may include G
protein—coupled receptors (42) and voltage-
sensitive phosphatases (43, 44).

In addition to the scaffolding domain of
Cav-1, AP-Cav (amino acids 82-101)
contains amino acids associated with
cholesterol binding (45, 46). Remarkably,
AP-Cav restored membrane cholesterol in
CH arteries to the level in controls
(Figure 5), and prevented both the
augmented vasoconstrictor reactivity to
KCl and O, production associated with
CH exposure in Ca®>"-permeabilized
arteries (Figures 6 and 7). Although the
effects of AP-Cav may be mediated by
increased cholesterol trafficking to the
membrane, it is also possible that AP-Cav
interacts with signaling components
required for enhanced ROK-mediated Ca**
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Figure 9. CH does not alter pulmonary arterial EGFR (EGF receptor) expression, and EGF-induced
activation of EGFR is unaffected by supplemental cholesterol or AP-Cav in arteries from CH rats.
(A) Representative Western blots and (B) mean densitometric data for total EGFR normalized to
B-actin in intrapulmonary arteries from control and CH rats. (C) Representative Western blots for
phosphorylated EGFR (P-EGFR) and total EGFR in arteries from CH rats with and without cholesterol
supplementation. Arteries were treated with EGF (100 nM) or vehicle to evaluate the effects of
cholesterol supplementation on EGFR activation. (O and E) Mean densitometric data for P-EGFR
normalized to total EGFR in arteries from CH rats treated with cholesterol or vehicle (D), or AP-Cav or
AP-Scramb (E), in the presence or absence of EGF. Values are means + SE of n=5-8 rats/group.

*P < 0.05 versus untreated.

sensitization after CH. Findings that NOX1
colocalizes with Cav-1 in VSM (47) suggest
a direct role of Cav-1 in regulating NOX
function. Indeed, Cav-1 can negatively
regulate NOX activation in endothelial cells
(13). However, Cav-1 also inhibits EGFR
activation by angiotensin II in aortic VSM
(48), whereas Cav-1 phosphorylation is
linked to EGFR activation in renal
mesangial cells (23). Although little is
known about the effects of Cav-1 in
regulation of VSM contraction in
pulmonary arteries, Cav-1 and caveolae
play an important role in contraction in
response to agonists such as serotonin,
bradykinin, and histamine in airway
smooth muscle cells (49, 50).

Although supplemental cholesterol
diminished vasoconstriction in response to
KCl in Ca**-permeabilized pulmonary
arteries from CH rats (Figure 3), we wished

Norton, Weise-Cross, Ahmadian, et al.: Cholesterol Regulation of Pulmonary Vasoconstriction

to further evaluate the role of cholesterol
in regulating downstream signaling
mechanisms evoked by membrane
depolarization. EGFR mediates enhanced
depolarization-induced Ca** sensitization
and vasoconstriction after CH (20), and
EGFR phosphorylation is increased in
arteries from animals with PH (20, 51).
Direct regulation of EGFR by cholesterol
occurs in human epithelial type 2 cells,
where removal of cholesterol facilitates
EGFR phosphorylation and activation (24).
Therefore, we used EGF to directly activate
EGFR. Interestingly, EGF resulted in
vasoconstriction only in CH arteries. This
response occurred without a change in
vessel wall [Ca®"];, further supporting that
CH selectively couples EGER to
myofilament Ca®>" sensitization through
NOX2 and ROK (26). Remarkably,
cholesterol repletion prevented

EGF-induced vasoconstriction in CH
arteries, suggesting that cholesterol
prevents activation of the EGFR/NOX2
signaling axis, and that reductions in
membrane cholesterol after CH facilitate
enhanced pulmonary arterial constriction
and Ca®" sensitization.

In agreement with our previous
findings (20), basal EGFR and levels of
phosphorylated-EGFR did not differ
significantly between CH and control
arteries (Figure 9). Surprisingly, EGF led to
a robust increase in EGFR phosphorylation
in arteries from both CH and control rats.
This finding contrasts with evidence that
EGFR phosphorylation is increased by
membrane depolarization in CH, but not
control, arteries (20), indicating that
coupling of membrane depolarization to
EGEFR is only present in animals with PH.
In addition, there were no effects of AP-Cav
or cholesterol on EGF-induced EGFR
phosphorylation, suggesting that lipid
domains regulate enhanced depolarization-
induced vasoconstriction downstream of
EGFR. Because cholesterol can inhibit
the activation of NOX2 (25), and KClI-
dependent ROS production was inhibited
by cholesterol (Figure 4), NOX2 is a
possible site of this regulation.

Decreases in cholesterol after CH may
additionally impact signaling pathways
beyond those evoked by depolarizing
stimuli. Because of the ability of cholesterol
to regulate membrane stiffness, reduced
cholesterol may change the activity of
stretch-activated proteins in the cell
membrane. This may play a role in the
development of pressure-dependent tone,
which occurs only in CH rats (26, 39).
Cholesterol can also directly interact with a
variety of ion channels, regulating their
activity (52-55). Therefore, changes in
channel activity may contribute to the
depolarized resting membrane potential
observed in CH arteries (20, 56), and to
elevated basal VSM [Ca®"]; (57, 58). In
addition, cholesterol causes apoptosis in
VSM cells (59), and therefore reductions in
cholesterol in CH arteries may facilitate the
proliferation observed during PH.

Conclusions

Our goal in this study was to investigate the
role that lipid domains play in mediating the
effects of CH to enhance depolarization-
induced vasoconstriction through a
previously described EGFR/NOX2/ROK
signaling pathway in pulmonary VSM. We
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Figure 10. Proposed mechanism by which CH augments depolarization-induced pulmonary

vasoconstriction. CH augments depolarization-induced activation of an EGFR/NOX2/ROK signaling
axis and resultant vasoconstriction by coupling membrane depolarization to EGFR stimulation, and by
reducing membrane cholesterol content. Cholesterol inhibits this signaling pathway downstream of

EGFR. NOX2 = NADPH oxidase 2; ROK = RHO-associated protein kinase.

show that changes in VSM membrane lipid
domain function resulting from reduced
cholesterol content are required for both
augmented depolarization-induced and

EGF-mediated Ca®* sensitization and
vasoconstriction after CH. However,
reductions in cholesterol alone are not
sufficient to activate this pathway,

indicating that CH additionally links
membrane depolarization to EGFR
activation through an unknown
mechanism. These findings provide an
improved mechanistic basis for the
vasoconstrictor component of CH-induced
PH, and underscore the multiple levels of
regulation that control physiological
signaling associated with PH. In

addition, these studies may provide a
basis for new therapeutic approaches to
treat PH that promote the maintenance
of normal membrane cholesterol levels.
Given the importance of ROK activation
in the arterial remodeling response to
chronic hypoxia (60, 61), evaluating

the role(s) of altered lipid domains in
VSM proliferation and migration
represents an attractive avenue of future
investigation. Ml
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