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Reduced membrane cholesterol limits pulmonary endothelial Ca2⫹
entry after chronic hypoxia. Am J Physiol Heart Circ Physiol 312:
H1176 –H1184, 2017. First published March 31, 2017; doi:
10.1152/ajpheart.00097.2017.—Chronic hypoxia (CH)-induced
pulmonary hypertension is associated with diminished production
of endothelium-derived Ca2⫹-dependent vasodilators such as nitric
oxide. Interestingly, ATP-induced endothelial Ca2⫹ entry as well
as membrane cholesterol (Chol) are decreased in pulmonary arteries from CH rats (4 wk, barometric pressure ⫽ 380 Torr) compared
with normoxic controls. Store-operated Ca2⫹ entry (SOCE) and
depolarization-induced Ca2⫹ entry are major components of the
response to ATP and are similarly decreased after CH. We hypothesized that membrane Chol facilitates both SOCE and depolarization-induced pulmonary endothelial Ca2⫹ entry and that CH attenuates these responses by decreasing membrane Chol. To test these
hypotheses, we administered Chol or epicholesterol (Epichol) to
acutely isolated pulmonary arterial endothelial cells (PAECs) from
control and CH rats to either supplement or replace native Chol,
respectively. The efficacy of membrane Chol manipulation was confirmed by filipin staining. Epichol greatly reduced ATP-induced Ca2⫹
influx in PAECs from control rats. Whereas Epichol similarly blunted
endothelial SOCE in PAECs from both groups, Chol supplementation
restored diminished SOCE in PAECs from CH rats while having no
effect in controls. Similar effects of Chol manipulation on PAEC
Ca2⫹ influx were observed in response to a depolarizing stimulus of
KCl. Furthermore, KCl-induced Ca2⫹ entry was inhibited by the
T-type Ca2⫹ channel antagonist mibefradil but not the L-type Ca2⫹
channel inhibitor diltiazem. We conclude that PAEC membrane Chol
is required for ATP-induced Ca2⫹ entry and its two components,
SOCE and depolarization-induced Ca2⫹ entry, and that reduced Ca2⫹
entry after CH may be due to loss of this key regulator.
NEW & NOTEWORTHY This research is the first to examine the
direct role of membrane cholesterol in regulating pulmonary endothelial agonist-induced Ca2⫹ entry and its components. The results
provide a potential mechanism by which chronic hypoxia impairs
pulmonary endothelial Ca2⫹ influx, which may contribute to pulmonary hypertension.
pulmonary hypertension; T-type calcium channels; ATP; store-operated Ca2⫹ entry; depolarization-induced Ca2⫹ entry
PULMONARY VASCULAR DYSFUNCTION resulting from chronic hypoxia (CH) leads to increased vascular resistance and pulmonary
hypertension in patients with chronic lower respiratory dis-
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eases and sleep apnea and in residents at high altitude. Vasoconstriction and vascular remodeling associated with dysregulation of endothelium-derived mediators are the major components of elevated vascular resistance in CH-induced pulmonary
hypertension. Production of many endothelium-dependent vasoactive substances as well as regulation of membrane potential are largely a function of pulmonary endothelial intracellular Ca2⫹ concentration ([Ca2⫹]i) levels. For example, [Ca2⫹]i
is a key regulatory factor in the activity of endothelial nitric
oxide (NO) synthase (8, 16, 34, 41), phospholipase A2 (PLA2)
(53, 54), and the small- and intermediate-conductance Ca2⫹activated K⫹ channels (SKCa and IKCa, respectively) that are
responsible for endothelial cell hyperpolarization upon activation by agonists (21, 29). Diminished pulmonary endothelial
[Ca2⫹]i may limit production of endothelium-derived vasodilators and antimitogenic substances, including NO, prostacyclin, and endothelium-derived hyperpolarizing factors. Although endothelial dysfunction and associated decreases in
pulmonary artery endothelial [Ca2⫹]i and endothelium-derived
NO (32, 37–39) may be contributing factors to the development of CH-induced pulmonary hypertension, the mechanisms
by which endothelial [Ca2⫹]i is reduced after CH are incompletely understood.
Our previous studies have demonstrated that both basal
[Ca2⫹]i and agonist-induced Ca2⫹ influx are lower in pulmonary artery endothelial cells (PAECs) from CH rats compared
with those of control rats (37, 38). CH similarly inhibits
store-operated Ca2⫹ entry (SOCE) and depolarization-induced
Ca2⫹ influx through T-type voltage-gated Ca2⫹ channels
(VGCCs), which are major components of agonist-induced
Ca2⫹ entry in isolated PAECs (37, 39). Furthermore, agonistinduced Ca2⫹ influx along with membrane cholesterol levels
are reduced in PAECs from rats exposed to CH. This impaired
agonist-induced Ca2⫹ influx in PAECs can be restored by both
membrane cholesterol supplementation and by administration
of a caveolin-1 scaffolding domain peptide (38). The number
and structure of caveolae, however, are not altered in PAECs
from CH rats compared with control rats (38). These data
suggest that cholesterol per se may affect Ca2⫹ entry in these
cells. However, questions remain as to whether cholesterol
directly modulates endothelial agonist-induced Ca2⫹ entry and
whether its major components, SOCE and depolarizationinduced Ca2⫹ entry, are differentially affected.
The membrane cholesterol-depleting agent methyl-␤-cyclodextrin (M␤CD) has been used to investigate the importance of
membrane cholesterol in cellular signaling pathways (59).
However, by removing membrane cholesterol, M␤CD can also
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disrupt caveolar structure (40). Consequently, this approach
often raises the question of whether membrane cholesterol
regulates signaling pathways by direct interaction with membrane proteins or rather by altering the properties of lipid
microdomains. To address this problem, the enantiomer of
cholesterol (epicholesterol), which has similar effects on membrane fluidity and lipid domain formation as those of cholesterol but lacks the regulatory influences of cholesterol on ion
channel function, has been used as a tool to study cholesterolion channel interactions (1a, 19, 28, 57). In the present study,
we hypothesized that 1) membrane cholesterol facilitates
SOCE and depolarization-induced Ca2⫹ entry in PAECs and 2)
reduced endothelial Ca2⫹ influx after CH is due to loss of
membrane cholesterol. We tested this hypothesis by examining
the effect of either membrane cholesterol supplementation or
cholesterol substitution with epicholesterol on endothelial
Ca2⫹ entry in freshly isolated PAECs from normoxic and CH
rats.
METHODS

Animals and CH exposure protocol. Male Sprague-Dawley rats
(200 –250 g) were used for all experiments. Rats exposed to CH
were placed in a hypobaric chamber with barometric pressure
maintained at ⬇380 Torr for 4 wk. Age-matched control rats were
housed in similar cages under ambient barometric pressure (⬇630
Torr). The hypobaric chamber was opened 3 times/wk to provide
fresh rat chow, water, and clean bedding. All animals were maintained on a 12:12-h light-dark cycle. All protocols used in this
study were reviewed and approved by the Institutional Animal
Care and Use Committee of the University of New Mexico Health
Sciences Center.
Preparation of cholesterol and epicholesterol solutions. M␤CD is
a cyclic oligomer of glucose that, when saturated with either cholesterol or epicholesterol, can effectively deliver these sterols to the
plasma membrane (19). This approach has been used to enrich or
substitute endogenous membrane cholesterol in neurons (51) and
aortic endothelial cells (46). M␤CD-cholesterol or -epicholesterol
complexes were generated as previously described (9). Briefly, cyclodextrin-sterol solutions were prepared by the addition of sterols to
M␤CD (10 mM) at a molar ratio of 1:5 and dissolution in HEPES
buffer containing the following (in mM): 150.0 NaCl, 6.0 KCl, 1.0
MgCl2, 1.8 CaCl2, 10.0 HEPES, and 10.0 glucose (pH 7.4). Each
solution was vortexed and sonicated using a bath sonicator for 10 –15
min. The saturated cyclodextrin-sterol solution was then placed in a
rotating incubator at 37°C overnight. This stock solution was filtered
through a 0.22-m syringe filter, aliquoted, and stored at ⫺80°C.
Isolation and preparation of PAECs. After CH or normoxic exposure, rats were euthanized with pentobarbital sodium (200 mg/kg ip),
and the heart and lungs were exposed by midline thoracotomy. The
left lung was rapidly excised and placed in ice-cold HEPES buffer
solution. Intrapulmonary arteries (third and fourth order, 200- to
400-m inner diameter) were dissected from the superior region of
the left lung, and the parenchymal lung tissue was carefully removed.
Arteries were then cut longitudinally and treated with 0.2 mg/ml
dithiothreitol and 2 U/ml papain in HEPES buffer for 45 min at 37°C.
Vessels were carefully removed from the digestion solution and
placed in 1 ml HEPES buffer containing 2 mg/ml BSA. PAEC sheets
were then released by gentle trituration with a small-bore fire-polished
Pasteur pipette and stored at 4°C. One to two drops of the solution
containing freshly isolated rat PAECs were placed on a poly-L-lysinecoated glass coverslip and incubated at 37°C in the presence of
vehicle, cholesterol, or epicholesterol. Cholesterol supplementation
was performed in previously untreated endothelial sheets isolated
from rats by incubation with cholesterol-M␤CD (Chol:M␤CD) solu-
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tion for 30 min at 37°C. Epicholesterol substitution was similarly
achieved by incubating isolated PAECs with epicholesterol-M␤CD
(EpiChol:M␤CD) solution for 30 min at 37°C. All experiments were
performed under normoxic conditions.
Membrane cholesterol content. Rat PAECs were freshly isolated
and prepared on poly-L-lysine-coated glass coverslips before treatment with vehicle, cholesterol, or epicholesterol. Briefly, cholesterol
supplementation and epicholesterol substitution were performed by
incubating PAECs with Chol:M␤CD or EpiChol:M␤CD solutions,
respectively, for 30 min at 37°C. Treated PAECs were then washed
with PBS and fixed with 2% paraformaldehyde in PBS for 15 min at
room temperature. Endothelial cell membrane cholesterol was detected by incubating cells with the fluorescent cholesterol marker
filipin III (20 g/ml, Sigma) for 15 min at room temperature under
light-protected conditions, and coverslips were mounted on the slides
using mounting media (38). Slides were air dried at 4°C and stored at
⫺20°C until analysis. Samples were imaged by fluorescence confocal
microscopy (Zeiss LSM 510 AxioObserver) using a 405-nm laser
(excitation), 420-nm long-pass filter (emission) and Plan-Neofluor
⫻40/1.3 oil objective. Filipin staining was quantified using ImageJ
(National Institutes of Health). A total of 25–100 cells/rat were
analyzed. Fluorescence intensity was quantified by setting a threshold
using blank control (filipin-untreated group). The fluorescence of each
PAEC sheet was calculated and averaged to determine mean fluorescence for each animal.
Endothelial caveolar number. Cultured rat pulmonary microvascular endothelial cells (PMVECs, passage 6, cultured in MCDB-131
complete media, VEC Technologies) were treated with vehicle,
M␤CD, Chol:M␤CD, or EpiChol:M␤CD at 37°C for 30 min. Cells
were washed in HEPES buffer for 10 min and prepared for transmission electron microscopy by fixation with 3.0% formaldehyde, 2.0%
glutaraldehyde, and 1.5 mM CaCl2 in 0.1 M sodium cacodylate
buffer. Cells were postfixed in reduced osmium tetroxide (1.0% OsO4
and 0.5% potassium ferrocyanide), dehydrated, embedded in epoxy
resin, sectioned, and stained with uranyl acetate (saturated, aqueous).
Caveolae between 60 and 100 nm in diameter were counted at the
membrane of endothelial cells and divided by the length of cell
membrane in microns using ImageJ software. A total of 100 images
encompassing 38 cells and 438 m of membrane were analyzed by a
person who was blinded to treatment.
Endothelial fura-2 loading. After vehicle, cholesterol, or epicholesterol treatment, freshly isolated PAEC sheets were plated and
loaded with fura-2 AM (3.00 M and 0.05% pluronic acid) in HEPES
buffer for 7 min at room temperature (⬃23°C) and washed for 15 min
at 37°C. Ratiometric changes in endothelial cell [Ca2⫹]i were determined by alternating a xenon arc lamp light source between 340- and
380-nm band-pass filters at 1 Hz (Ionoptix Hyperswitch), and the
interleaved fura-2 fluorescence emissions at 510 nm were detected
with a photomultiplier tube.
Agonist-induced Ca2⫹ influx and SOCE in freshly isolated endothelial cells. Agonist-induced Ca2⫹ influx and SOCE were measured
in PAEC sheets as previously described (38). After being loaded with
fura-2 loading and washed, fura-2-loaded endothelial sheets were
superfused with Ca2⫹-free HEPES buffer for 5 min and then stimulated with ATP (20 M) or cyclopiazonic acid [CPA; sarco(endo)
plasmic reticulum Ca2⫹-ATPase inhibitor, 10 M] to deplete intracellular Ca2⫹ stores. Ca2⫹ entry was then induced by repletion of
extracellular Ca2⫹ (1.8 mM) in the continued presence of ATP or
CPA. Ca2⫹ influx was quantified as the area under the curve (AUC)
for the 5 min after the reintroduction of extracellular Ca2⫹.
Measurement of PAEC membrane potential. Endothelial membrane potential (Em) was measured in en face small pulmonary
arteries superfused with physiological salt solution (37°C, equilibrated with 10% O2 and 6% CO2) using glass microelectrodes (tip
resistance: 40 – 80 M⍀) filled with 3 M KCl. A Neuroprobe amplifier
(A-M Systems) was used to record Em. Analog output from the
amplifier was low-pass filtered at 1 kHz and recorded and analyzed
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using Axoscope software (Axon Instruments). Em was measured
under baseline conditions and in response to 10 M ATP. Criteria for
acceptance of Em recordings included 1) an abrupt negative deflection
of potential as the microelectrode was advanced into a cell, 2) a stable
Em for at least 1 min, and 3) an abrupt change in potential to 0 mV
after the electrode was retracted from the cell.
Depolarization-induced Ca2⫹ influx in freshly isolated endothelial
cells. The ratiometric changes in fura-2 fluorescence represent the sum
of changes in [Ca2⫹]i, which includes Ca2⫹ influx, Ca2⫹ uptake by
organelles, and Ca2⫹ extrusion from the cell. To specifically assess
Ca2⫹ entry, Mn2⫹ is used as a Ca2⫹ surrogate because of its unique
property to traverse most Ca2⫹-permeable channels (2), irreversibly
bind to fura-2, and quench fura-2 fluorescence (wavelength at ~360
nm). Endothelial cell depolarization-induced Ca2⫹ influx was determined by Mn2⫹ quenching of fura-2 fluorescence in freshly isolated
PAEC sheets as previously described (39). This preparation was
excited at the isosbestic wavelength (360 nm), and emission was
recorded at 510 nm. Similar to the previous protocol, fura-2-loaded
endothelial sheets were superfused with Ca2⫹-free HEPES buffer for
5 min and administered KCl (60 mM) to elicit membrane depolarization. Ca2⫹ entry represented by the influx of the Ca2⫹ surrogate Mn2⫹
was then determined upon addition of extracellular Mn2⫹ (500 M)
in the continued presence of KCl. Depolarization-induced Ca2⫹ entry
was quantified by the percentage of the Mn2⫹-quenched fluorescence
at 90 s after administration of Mn2⫹.
Calculations and statistics. All data are expressed as means ⫾ SE.
Values of n refer to the numbers of cells for experiments examining
caveolar number or to the number of animals for other experiments.
Percentage data were converted to normal distributions by arcsine
transformation before parametric analysis. An unpaired t-test, oneway ANOVA, two-way ANOVA, or Kruskal-Wallis H-test were used
where appropriate for statistical comparisons. If differences were
detected by ANOVA or the Kruskal-Wallis H-test, individual groups
were compared with the Student-Newman-Keuls or Dunn’s multiplecomparison tests, respectively. P values of ⬍0.05 were accepted as
statistically significant for all comparisons.
RESULTS

Effect of cholesterol manipulation on endothelial membrane
cholesterol content. Filipin is a polyene antibiotic that binds to
membrane cholesterol via hydrophobic interactions (36) but
cannot bind to epicholesterol (13). Consistent with our previously published data (38), filipin fluorescence was less in cells
from CH rats compared with normoxic rats (Fig. 1). Cholesterol supplementation restored diminished membrane cholesterol in cells from CH animals while having no effect in
normoxic control animals. Furthermore, epicholesterol treatment significantly reduced filipin fluorescence in freshly isolated PAECs from both control and CH rats. These data
suggest that epicholesterol treatment is an effective approach to
substitute endogenous membrane cholesterol for epicholesterol
in this preparation.
Effect of cholesterol manipulation on endothelial caveolar
number. Effects of cholesterol depletion, supplementation, or
substitution treatments on caveolar number and structure were
examined in cultured rat PMVECs using transmission electron
microscopy. M␤CD, as a cholesterol carrier, can sequester
membrane cholesterol and disrupt caveolar structure when
used alone (20). Consistent with previous findings, M␤CD
decreased the incidence of caveolae (Fig. 2). In contrast,
neither cholesterol supplementation nor epicholesterol substitution altered caveolar number compared with vehicle control.
These results support an effect of epicholesterol treatment to

Fig. 1. Epicholesterol (Epichol) reduces endogenous membrane cholesterol
(Chol) of freshly isolated pulmonary arterial endothelial cell (PAEC) sheets
from both normoxic (Nor) and chronic hypoxic (CH) rats. A: representative
images of membrane cholesterol indicated by filipin fluorescence in PAECs
isolated from each group. Cells were pretreated with vehicle, Chol, or Epichol.
Scale bars ⫽ 20 m. B: mean filipin fluorescence [in arbitrary units (A.U.)] in
PAEC sheets from each group. Two-way ANOVA followed by the StudentNewman-Keuls post hoc test was used to compare between groups. Values are
means ⫾ SE; n ⫽ 3 animals/group. *P ⬍ 0.05 vs. Nor vehicle; #P ⬍ 0.05 vs.
CH vehicle.

substitute rather than deplete endogenous membrane cholesterol.
Epicholesterol substitution attenuates endothelial ATP-induced Ca2⫹ entry. ATP-induced Ca2⫹ entry and SOCE were
assessed using ratiometric fura-2 measurement as previously
described (37, 38). Ca2⫹ entry was quantified as the AUC for
the 5 min after reintroduction of extracellular Ca2⫹ in the
continued presence of ATP or CPA (Fig. 3). ATP-induced
Ca2⫹ entry was diminished in isolated PAECs from normoxic
rats after EpiChol:M␤CD treatment compared with vehicle
control rats but was not significantly altered by cholesterol
supplementation (Chol:M␤CD) (Fig. 4). These data suggest
that endothelial membrane cholesterol is necessary for agonistinduced Ca2⫹ entry.
Cholesterol supplementation restores endothelial SOCE after CH. To assess the importance of membrane cholesterol in
SOCE, we examined effects of cholesterol supplementation
and epicholesterol substitution on CPA-induced Ca2⫹ influx in
isolated PAECs. SOCE was diminished in cells from CH rats
compared with control rats and was rescued by cholesterol
repletion (Fig. 5). Furthermore, epicholesterol substitution
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Fig. 2. Caveolae number is reduced by cholesterol depletion
with methyl-␤-cyclodextrin (M␤CD) but not by Chol or
Epichol treatment in cultured pulmonary microvascular endothelial cells (PMVECs). A: representative images of caveolae
in cultured PMVECs from each treatment group. B: mean
number of caveolae per length of cell membrane (caveolae/
m). Data were compared by the Kruskal-Wallis H-test and
Dunn’s multiple-comparison test. Values are means ⫾ SE; n ⫽
7–11 cells (indicated in bars). *P ⬍ 0.05 vs. all other treatments. A total of 100 images encompassing 38 cells and 438
m of membrane were analyzed.

greatly inhibited CPA-induced Ca2⫹ entry in PAECs from both
normoxic and CH rats compared with their respective vehicle
controls.
ATP causes endothelial membrane depolarization. We have
previously demonstrated that CH inhibits depolarization-induced Ca2⫹ entry in PAECs (39). However, it is unclear
whether ATP elicits depolarization in these cells that could
evoke this pathway. Consistent with this possibility, we found
that ATP caused membrane depolarization in endothelium of
freshly isolated pulmonary arteries from control rats (Fig. 6).

Decreased membrane cholesterol leads to reduced endothelial depolarization-induced Ca2⫹ entry after CH. Endothelial
cell depolarization-induced Ca2⫹ influx was determined by
Mn2⫹ quenching of fura-2 fluorescence in freshly isolated
PAECs. Introduction of Mn2⫹ caused a steady decline in fura-2
fluorescence in the absence of KCl in PAECs from both control
and CH rats, indicative of basal Ca2⫹ entry (Fig. 7). A
depolarizing stimulus of KCl (60 mM) increased entry of the
Ca2⫹ surrogate in isolated PAECs from control rats. However,
this response to KCl was absent in PAECs from CH rats.

Fig. 3. Experimental protocol for measuring ATP- and cyclopiazonic acid
(CPA)-induced Ca2⫹ entry in isolated PAEC sheets. Depletion of the intracellular Ca2⫹ store was induced by 20 M ATP or 10 M CPA in Ca2⫹-free
HEPES buffer. Intracellular Ca2⫹ was expressed as the fura-2 340-to-380-nm
emission ratio. Ca2⫹ entry was assessed by calculating the area under the curve
(AUC) for the 5 min after the reintroduction of extracellular Ca2⫹ (indicated
by the rectangle).

Fig. 4. Epichol substitution reduces ATP-induced Ca2⫹ entry in PAEC sheets
from Nor rats. Ca2⫹ influx was assessed by ratiometric analysis of fura-2
fluorescence. One-way ANOVA followed by the Student-Newman-Keuls test
was used to compare between groups. Values are means ⫾ SE; n ⫽ 5
animals/group. *P ⬍ 0.05 vs. vehicle.
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Fig. 5. Decreased membrane Chol leads to reduced endothelial store-operated
Ca2⫹ entry after CH. Ca2⫹ influx was assessed by ratiometric analysis of
fura-2 fluorescence in PAEC sheets. Chol supplementation restored CPAinduced Ca2⫹ entry after CH, whereas Epichol substitution significantly
inhibited CPA-induced Ca2⫹ entry in PAEC sheets from both Nor and CH rats.
Groups were compared by two-way ANOVA followed by multiple-comparison testing using the Student-Newman-Keuls test. Values are means ⫾ SE;
n ⫽ 5–10 animals/group (indicated in bars). *P ⬍ 0.05 vs. Nor vehicle; #P ⬍
0.05 vs. CH vehicle.

To confirm the involvement of T-type VGCCs in depolarization-induced Ca2⫹ influx (39), we repeated these experiments in the presence of the L-type Ca2⫹ channel inhibitor
diltiazem or the T-type inhibitor mibefradil. Whereas diltiazem
did not affect responses to KCl in cells from either normoxic or
CH rats, mibefradil abolished KCl-induced Mn2⫹ quenching of
fura-2 fluorescence in PAECs from normoxic control rats while
having no effect in cells from CH rats (Fig. 8).
Consistent with a requirement for membrane cholesterol in
depolarization-induced Ca2⫹ entry, epicholesterol substitution
prevented depolarization-induced Mn2⫹ entry in PAECs from
normoxic rats, whereas cholesterol supplementation was without effect in these cells (Fig. 9). In addition, cholesterol
repletion partially restored the KCl-induced Mn2⫹ influx in
PAECs from CH rats, suggesting that reduced membrane
cholesterol contributes to impaired depolarization-induced
Ca2⫹ entry after CH.
DISCUSSION

Our laboratory has previously shown that reduced membrane cholesterol after CH is associated with decreased ATP-

Fig. 6. ATP induces membrane depolarization in the pulmonary artery endothelium. Endothelial membrane potential was measured under baseline conditions and in response to 10 M ATP in en face small pulmonary arteries from
control rats. An unpaired t-test was used to compare between two groups.
Values are means ⫾ SE; n ⫽ 7 for baseline and n ⫽ 6 with ATP (3– 6
membrane potential recordings were conducted per artery and averaged for an
n ⫽ 1). *P ⬍ 0.05 vs. baseline.

Fig. 7. Exposure to CH abolishes endothelial depolarization-induced Ca2⫹
entry. A measure of endothelial Ca2⫹ entry was assessed by Mn2⫹ quenching
of fura-2 fluorescence in PAEC sheets from control and CH rats treated with
either vehicle (time control) or 60 mM KCl (depolarizing stimulus). F,
fluorescence intensity at 360 nm excitation; F0, fluorescence intensity at time
0. Two-way ANOVA and the Student-Newman-Keuls test were used to
compare between groups at each time point. Values are means ⫾ SE; n ⫽ 5
with Nor vehicle, n ⫽ 5 with CH vehicle, n ⫽ 7 with Nor KCl, and n ⫽ 6 with
CH KCl. *P ⬍ 0.05 vs. Nor KCl over the range of 20 –120 s.

induced Ca2⫹ entry in intrapulmonary artery endothelial cells.
However, it is unclear whether membrane cholesterol regulates
endothelial Ca2⫹ entry through direct interactions with signaling molecules or through changes in physical properties of the
plasma membrane. The goal of the present study was to
determine the contribution of membrane cholesterol to agonistinduced Ca2⫹ entry and its major components, SOCE and
Ca2⫹ entry through VGCCs. The major findings from this
study are that substitution of endogenous membrane cholesterol with its epimer, epicholesterol, attenuates ATP-induced
Ca2⫹ entry, SOCE, and depolarization-induced Ca2⫹ entry in
PAECs. In addition, decreased endothelial SOCE and depolarization-induced Ca2⫹ entry after CH are largely restored by
cholesterol supplementation. However, neither cholesterol supplementation nor epicholesterol substitution alters endothelial
caveolar number and structure. The results from this study
suggest that membrane cholesterol directly regulates agonistinduced Ca2⫹ entry and its components and further demonstrate that impaired endothelial Ca2⫹ entry after CH is due to
altered membrane cholesterol homeostasis. These findings pro-

Fig. 8. CH attenuates depolarization-induced Ca2⫹ entry through T-type Ca2⫹
channels in PAECs. Data represent Mn2⫹-quenched fura-2 fluorescence (at
90-s time point) in response to KCl (60 mM) in PAEC sheets from control and
CH rats. Diltiazem (50 M) and mibefradil (10 M) were used to selectively
inhibit L-type and T-type Ca2⫹ channels, respectively. Data are expressed as
⌬F/F0 (in %) from the time control. Two-way ANOVA and the StudentNewman-Keuls test were used to compare between groups. Values are
means ⫾ SE; n ⫽ 4 –7 animals/group (indicated in bars). *P ⬍ 0.05 vs. Nor
vehicle; #P ⬍ 0.05 vs. Nor diltiazem.
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Fig. 9. Decreased membrane cholesterol leads to reduced endothelial depolarization-induced Ca2⫹ entry after CH. Data represent Mn2⫹-quenched fura-2
fluorescence (at 90-s time point) in response to KCl (60 mM) in PAEC sheets
from control and CH rats. Chol repletion partially restored depolarizationinduced Ca2⫹ entry after CH. Epichol greatly inhibited KCl-induced Ca2⫹
entry in PAECs from both Nor and CH rats. Data are expressed as ⌬F/F0 (in
%) from the time control. Statistical comparisons were made using two-way
ANOVA and the Student-Newman-Keuls post hoc test. Values are
means ⫾ SE; n ⫽ 5–7 animals/group (indicated in bars). *P ⬍ 0.05 vs. Nor
vehicle; #P ⬍ 0.05 vs. Nor chol; ⌬P ⬍ 0.05 vs. CH vehicle.

vide an enhanced mechanistic understanding of factors that
contribute to endothelial dysfunction and the associated pulmonary hypertension (PH) resulting from long-term hypoxic
exposure.
Many cells release ATP in response to mechanical signals,
including shear stress, extracellular fluid movement, and
changes in cell volume (15, 52, 58). The activation of G
protein-coupled purinergic receptors by endogenous ATP may
regulate myogenic tone and vascular remodeling (14, 24). In
endothelial cells, shear stress-induced production of ATP
serves as an autocrine factor and stimulates endothelial NO
production (3). ATP as an agonist achieves its various roles
through controlling intracellular Ca2⫹. The binding of an
agonist to its receptor mediates the activation of phospholipase
C and production of inositol 1,4,5-trisphosphate (IP3). Cytosolic IP3 then binds to IP3 receptors on the endoplasmic reticulum
(ER), leading to depletion of the ER Ca2⫹ store and subsequent
SOCE (45). Agonist binding may also elicit Ca2⫹ entry
through receptor-operated cation channels that are activated
independently of store emptying (48). Purinergic agonists may
further mediate depolarization-induced Ca2⫹ entry through
VGCCs secondary to activation of various nonselective cation
channels, including transient receptor potential canonical
(TRPC) channels and the ionotropic P2X receptor (10). Interestingly, membrane cholesterol appears to be a key determinant of agonist-induced Ca2⫹ influx in vascular smooth muscle
(43, 44) and the endothelium (38), possibly through regulation
of Ca2⫹-permeable ion channels.
Direct interaction between sterols and ion channels has been
suggested by the sensitivity of inwardly rectifying K⫹ (Kir)
channels (46) and large-conductance Ca2⫹-activated K⫹
(BKCa) channels (7) to various sterol analogs. In addition,
cholesterol-binding regions exist in both Kir channels and
BKCa channels (49, 50). However, the effect of membrane
cholesterol on ion channel function may vary depending on the
type of ion channel. For example, whereas cholesterol decreases the open probability of many K⫹ channels, VGCCs,
and voltage-gated Na⫹ channels (12, 26, 53), other ion channels, such as epithelial Na⫹ channels and TRPC channels, are
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inhibited by removal of membrane cholesterol (4, 5, 25).
Regulation of ion channels involved in SOCE by changes in
membrane cholesterol has been implicated in different cell
types in previous studies (5, 18), in which membrane cholesterol depletion using M␤CD impaired SOCE. However, the
effect of membrane cholesterol in regulation of endothelial
depolarization-induced Ca2⫹ entry has not been specifically
investigated.
The importance of membrane cholesterol in agonist-induced
Ca2⫹ entry has been suggested in cultured vascular smooth
muscle cells, in which cholesterol enrichment augments agonist-induced Ca2⫹ influx (6). Our previous findings that cholesterol repletion enhances impaired ATP-induced Ca2⫹ entry
in PAECs after CH (38) suggest that membrane cholesterol
facilitates endothelial agonist-induced Ca2⫹ entry. ATP induces both SOCE and T-type VGCC blocker-sensitive Ca2⫹
influx in PAECs (39). In the present study, we confirmed that
ATP causes membrane depolarization in the pulmonary artery
endothelium, which leads to T-type channel activation and
Ca2⫹ influx. Considering that SOCE and depolarization-induced Ca2⫹ entry are major components of ATP-induced Ca2⫹
entry and that both Ca2⫹ influx pathways are blunted after CH
(37, 39), it is possible that membrane cholesterol also regulates
these two components of the ATP-induced Ca2⫹ response.
Given the wide range of effects of m␤CD, such as altering
caveolar structure and disrupting other lipid microdomains
(20), the direct contribution of membrane cholesterol to regulation of ion channels remains unclear. To investigate the direct
role of membrane cholesterol in mediating endothelial Ca2⫹
influx, we used epicholesterol, the enantiomer of cholesterol, to
substitute membrane cholesterol. Using epicholesterol to substitute endogenous cholesterol, we demonstrated a direct role
of membrane cholesterol to facilitate ATP-induced Ca2⫹ entry
in PAECs. Our data are consistent with findings that depletion
of membrane cholesterol impairs this Ca2⫹ response in PAECs
(38). We also provide evidence that SOCE, as the major
component of the ATP-induced Ca2⫹ response, is similarly
regulated by membrane cholesterol. This observation implies
that membrane cholesterol may either directly affect storeoperated cation channels (SOCs) or interact with a signaling
pathway that activates SOCs. The finding that reduced endothelial SOCE in pulmonary arteries after CH was acutely
restored by membrane cholesterol supplementation suggests
that CH limits SOCE by reducing membrane cholesterol rather
than by decreasing ion channel expression. Although this study
has not identified the specific cation channel(s) involved in
pulmonary endothelial SOCE, candidates include TRPC1,
TRPC4, and Orai1, each of which has been implicated in
endothelial SOCE and demonstrates cholesterol sensitivity (1,
5, 11, 31). Interestingly, both SOCE and receptor-operated
Ca2⫹ entry in response to the P2Y receptor agonist UTP are
reduced in pulmonary artery smooth muscle cells after CH
(23). This raises an interesting question of whether CH impairs
agonist-induced Ca2⫹ influx in pulmonary artery smooth muscle cells through depletion of membrane cholesterol, similar to
that presently observed in PAECs.
Wu et al. (55) first demonstrated that cultured rat PMVECs
express mRNA of Cav3.1 and possess voltage-dependent currents that are sensitive to T-type channel blockers. They also
reported that T-type VGCCs contribute to both agonist-induced
Ca2⫹ entry and SOCE in PMVECs. Although T-type VGCCs
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are not found in cultured rat PAECs (55), their expression and
function are described in freshly dispersed rat PAECs (39).
Paffett et al. (39) showed that T-type VGCCs contribute to
depolarization-induced Ca2⫹ entry and receptor-operated Ca2⫹
entry in response to ATP. After exposure to CH, the mibefradil-sensitive component of ATP-induced Ca2⫹ entry is
greatly reduced. The effect of CH on this Ca2⫹ entry is not due
to altered membrane K⫹ permeability because the impaired
endothelial depolarization-induced Ca2⫹ entry after CH persists even when membrane K⫹ permeability is equivalently
clamped by the K⫹ ionophore valinomycin. These findings
suggest that T-type VGCCs are important mediators of depolarization-induced Ca2⫹ entry and that impaired Ca2⫹ entry via
these channels may contribute to reduced basal [Ca2⫹]i in
PAECs after CH (39). Using the Mn2⫹-quenching technique to
selectively assess Ca2⫹ entry, we confirmed that depolarization-induced Ca2⫹ entry was sensitive to T-type VGCC inhibition and Ca2⫹ entry was eliminated after CH. Additionally,
depolarization-induced Ca2⫹ entry after CH was partially restored by cholesterol supplementation. A similar effect of
cholesterol on VGCCs has been reported in other cell types
(56). Although studies on cholesterol regulation of VGCCs are
limited, our finding that epicholesterol substitution abolished
depolarization-induced Ca2⫹ entry in control cells suggests
that there may be a direct interaction between membrane
cholesterol and T-type VGCCs.
Although epicholesterol has effects similar to cholesterol on
physical properties of the cell membrane (57), few studies have
examined the effect of EpiChol:M␤CD on caveolae. Here, we
provide evidence that M␤CD alone nearly abolished the incidence of caveolae, whereas neither Chol:M␤CD nor EpiChol:
M␤CD affected caveolar number in cultured PMVECs. It has
previously been shown that administration of an EpiChol:
M␤CD solution to bovine aortic endothelial cells effectively
substitutes epicholesterol for endogenous membrane cholesterol (47). To verify this observation in our preparation, we
assessed effects of epicholesterol substitution on membrane
cholesterol content in freshly isolated PAECs using the fluorescent cholesterol marker filipin. Epicholesterol does not interact with filipin because of a different orientation of the
3-hydroxyl group compared with cholesterol (13, 36). As
expected, we found that epicholesterol treatment greatly decreased filipin fluorescence intensity in isolated PAECs from
both normoxic and CH rats, consistent with epicholesterol
substitution of endogenous membrane cholesterol. In addition,
cholesterol treatment restored membrane cholesterol content in
PAECs from CH rats to the level of normoxic controls, consistent with our previous findings (38). These results suggest
that EpiChol:M␤CD treatment substitutes endogenous membrane cholesterol for epicholesterol without disrupting caveolae. Consequently, the observed effects of epicholesterol
treatment on Ca2⫹ influx are likely due to loss of ion channel
regulation by cholesterol, rather than to changes in caveolar
density.
Two potential mechanisms of decreased membrane cholesterol after CH include 1) inhibition of de novo cholesterol
biosynthesis and 2) membrane cholesterol oxidation. Mukodani et al. (30) first reported that hypoxia induces lipid accumulation and impairs cholesterol synthesis in cultured rabbit
skin fibroblasts. The mechanism by which hypoxia affects
cholesterol synthesis was later explored by Nguyen et al. (35).

They reported that hypoxia induces accumulation of cholesterol biosynthetic intermediates and activates HIF-1␣-mediated induction of the ER membrane proteins Insig-1 and
Insig-2. These responses lead to rapid degradation of 3-hydroxy-3-methylglutaryl-CoA reductase and subsequently limit
cholesterol synthesis (35). Chronic hypoxia can also increase
the production of reactive oxygen species (ROS) (17, 27),
which may facilitate membrane cholesterol oxidation. Because
filipin cannot be used to label oxidized cholesterol (42), it is
possible that reduced filipin staining in PAECs from CH rats
reflects membrane cholesterol oxidation by ROS. Cholesterol
oxidation, not only has potential to disrupt the interaction
between cholesterol and ion channels and other regulatory
proteins but also may inhibit de novo cholesterol synthesis
(33). Future studies are required to evaluate the potential
contributions of these mechanisms to reduced PAEC membrane cholesterol after CH.
Our finding that CH attenuates agonist-dependent Ca2⫹
influx pathways in PAECs does not preclude a potential effect
of CH to modify other intracellular Ca2⫹-regulatory mechanisms, including ER sequestration or plasmalemmal efflux
pathways. However, decreased endothelial ATP-induced Ca2⫹
influx after CH is not associated with changes in ATP-induced
Ca2⫹ mobilization (38), suggesting that this attenuated Ca2⫹
entry is not due to altered Ca2⫹ release or Ca2⫹ loading of the
ER. It should also be noted that impaired Ca2⫹ entry after CH
observed in endothelial cells from larger parenchymal pulmonary arteries may not be reflective of smaller arteries that likely
provide a greater contribution to regulation of vascular resistance in hypertensive pulmonary circulation. Future studies are
needed to evaluate whether these effects of CH to alter calcium
influx pathways are conserved across the pulmonary circulation and the impact of these responses on the development of
CH-induced PH.
In conclusion, the present study provides evidence that
membrane cholesterol facilitates pulmonary endothelial Ca2⫹
entry likely through interaction with membrane ion channels.
Our findings also demonstrate that impaired SOCE and depolarization-induced Ca2⫹ entry after CH are associated with
reduced membrane cholesterol levels and are restored by cholesterol supplementation. This membrane cholesterol-associated decrease in endothelial Ca2⫹ entry after CH may not only
affect regulation of vascular tone but also has potentially
broader implications for cholesterol regulation of endothelial
migration, proliferation, and apoptosis. Our study contributes
to the understanding of the effect of CH on membrane cholesterol homeostasis and the subsequent impact on endothelial
[Ca2⫹]i in pulmonary arteries, which could shed light on
developing potential therapeutic treatments for pulmonary hypertension that target membrane cholesterol. Future studies
will focus on identifying specific ion channels that interact with
membrane cholesterol in pulmonary endothelial cells.
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