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Abstract

Sustained pulmonary vasoconstriction contributes to the elevated pulmonary vascular resistance 

observed in pulmonary arterial hypertension. A rise in cytosolic Ca2+ in pulmonary artery smooth 

muscle cells (PASMCs) is major trigger for pulmonary vasoconstriction. One family of drugs 

currently being pursued as a potential treatment for pulmonary hypertension are the statins, which 

act by depleting cholesterol and reducing the number of caveolae. This study aimed at 

investigating the role of caveolae, membrane receptors, and ion channels (that are potentially 

located in the caveolae) in agonist-mediated pulmonary vasoconstriction in order to gain a greater 

understanding of the signaling mechanisms involved in the regulation of pulmonary vascular tone. 

Chronic treatment of PASMCs with the cholesterol-depleting agent, methyl-β-cyclodextrin 

(MβCD), significantly reduced the number of cholesterol rich caveolae regions in the membrane. 

This disruption of cholesterol in caveolae significantly inhibited pharmacomechanical (induced by 

phenylephrine), but not electromechanical (induced by elevated extracellular potassium 

concentration), rat pulmonary artery contraction. These results indicate that receptors may 
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functionally colocalize in caveolae in PASMCs and coordinate to regulate pulmonary vascular 

tone.
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Sustained pulmonary asoconstriction and excessive pulmonary vascular remodeling 

contribute to the elevated pulmonary vascular resistance and pulmonary arterial pressure in 

patients with idiopathic pulmonary arterial hypertension (IPAH). A rise in cytosolic Ca2+ 

concentration ([Ca2+]cyt) in pulmonary artery smooth muscle cells (PASMCs) is a major 

trigger for pulmonary vasoconstriction and an important stimulus for PASMC proliferation 

and migration (major contributors to pulmonary vascular remodeling). Indeed, enhanced 

PASMC proliferation [1, 2] and active pulmonary artery contraction [3] are associated with 

the increased PASMC [Ca2+]cyt in patients and animals with pulmonary hypertension.

Ion channels and signaling pathways may contribute to the enhanced Ca2+entry necessary 

for pulmonary vasoconstriction. For example, the activity of voltage-gated K+ channels is 

inhibited in PASMCs from patients with pulmonary hypertension, which increases [Ca2+]cyt 

by depolarizing the cell membrane and activating L-type voltage dependent calcium 

channels (VDCCs). Although antagonists of VDCCs (e.g., nifedipine) have been 

successfully used to treat some patients with IPAH [4, 5], VDCCs may not alone account for 

the elevated [Ca2+]cyt; other Ca2+-permeable channels such as canonical transient receptor 

potential channels (TRPCs) may be involved. These form receptor-operated and store-

operated Ca2+ channels (ROC and SOC respectively) [6–8] and are up-regulated in PASMCs 

from IPAH patients, enhancing Ca2+ entry and contributing to sustained pulmonary vaso-

constriction [9] and pulmonary vascular medial hypertrophy [1]. The localization of these 

receptors and ion channels in the membrane may, therefore, be important in the regulation of 

pulmonary vascular tone.

Caveolae, membrane lipid-raft domains enriched in cholesterol and sph-ingolipids, have 

been found in various cell types to play a critical role in modulating cell signal transduction 

by colocalizing receptors, ion channels, and signaling molecules within plasma membrane 

microdomains [10, 11]. In smooth muscle and endothelial cells, caveolae are important sites 

for membrane receptors and channels to associate closely with the endo-plasmic/

sarcoplasmic reticulum [12] and for ligand-mediated Ca2+ entry through ROC and SOC [13–

15]. Intracellular messenger pathways regulated by cAMP and Ca2+ are tightly integrated 

and functionally colocal-ized in caveolae [16, 17]. In PASMCs from IPAH patients, up-

regulated caveolin-1, the main structural protein in caveolae, increases the formation of 

caveolae, enhances capacitative Ca2+ entry, and accelerates cell proliferation [18]. 

Disruption of caveolae in PASMCs from IPAH patients with the cholesterol scavenger, 

methyl-β-cyclodextrin (MβCD) inhibited capac-itative Ca2+ entry and attenuated cell 

proliferation [13, 18, 19]. Statins are currently being used in clinical studies for the treatment 

of pulmonary arterial hypertension (PAH). One existing study showed that sim-vastatin 

reversed established pulmonary hypertension and attenuated the rate of the progression of 
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the disease [20]. For further advancement in the application of statins to treat PAH, more 

clinical studies need to be carried out and investigation of the cellular and molecular 

mechanisms requires clarification. Additionally, in caveolin-1 and -2 knockout mice, 

endothelial cell proliferation and fibrosis resulted in vascular dysfunction and pulmonary 

defects, highlighting a fundamental role for caveo-lae in organizing multiple signaling 

pathways in the pulmonary circulation [21, 22].

In pulmonary vascular smooth muscle and endothelial cells, caveo-lae and the signaling 

cascades localized in the caveolae may have differential effects on pulmonary vascular tone. 

In this study, we investigated the role of caveolae in electromechanical and 

pharmacomechanical coupling mechanisms involved in regulating pulmonary 

vasoconstriction and vasodilation.

Methods and Materials

Tension Measurement in Isolated Pulmonary Artery Rings

Pulmonary arteries, 2nd to 3rd divisions with an internal diameter of ∼400 μm, were isolated 

from male Sprague-Dawley rats (100 to 250 g) in accordance with the animal use protocol 

approved by the Institutional Animal Care and Use Committee of the University of 

California, San Diego. Adipose and connective tissues were carefully removed, and the 

remaining arteries were cut into 1 to 2 mm long rings and mounted on stainless steel wire 

(100 μm in diameter) to a force transducer (Harvard Apparatus, Holliston, MA) in an organ 

bath (the volume is approximately 0.75 mL). Isometric tension was continuously monitored 

and recorded using DATAQ data acquisition software (DATAQInstruments). Isolated PA 

rings were superfused (2 to 2.5 mL/min) with modified Krebs solution (MKS; at 37°C) 

consisting of (in mM): 138 NaCl, 1.8 CaCl2, 4.7 KCl, 1.2 MgSO4, 1.2 NaH2PO4, 5 HEPES, 

and 10 glucose (pH 7.4, with 2 M NaOH). For Ca2+-free (0 Ca) MKS, CaCl2 was replaced 

by equimolar MgCl2 and 1 mM EGTA was added to chelate residual Ca2+. In the high-K+ 

solution, NaCl was replaced by equimolar KCl to maintain osmolarity.

Resting passive tension was set at 600 mg, an optimal passive tension that gives rise to 

maximal active tension in rat pulmonary artery rings superfused with 40 mM K+ solution. 

The vessels were equilibrated for 60 minutes and then challenged with 40 mM K+-

containing MKS 3 times to establish the viability of the vessels. In some experiments, 

endothelium was removed by gently rubbing the lumen of pulmonary artery with a wooden 

stick. Loss of a functional endothelium was confirmed by abolished relaxation of the rings to 

acetylcholine (10 μM). In same experiments, results are expressed as absolute tension, 

measured in mg. After each experiment, the rings were weighed using a fine balance and the 

active tension induced by agonists was normalized by wet tissue weight and expressed as mg 

tension per mg wet tissue weight (mg/mg).

Electron Microscopy of PASMCs

Primary cultured PASMCs from patients with idiopathic pulmonary arterial hypertension 

were prepared from transplant lung tissues and fixed in 2.5% glutaraldehyde in 0.1 M 

cacodylate buffer for 2 hours and postfixed in 1% OsO4 in 0.1 M cacodylate buffer for 1 
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hour; all at room temperature. Sections were stained by uranyl acetate and lead citrate to be 

observed by electron microscopy (EM). Cells were either treated with MβCD 5 mM for 2 

hours or used as untreated controls.

Solutions and Chemicals

All chemicals were purchased from Sigma (St. Louis, MO). Acetylcholine and 

phenylephrine were dissolved in water to make stock solutions of 10 and 20 mM. All stock 

solutions were aliquotted and stored at −20°C. On the day of the use, the stock solutions 

were diluted into the perfusate to make the appropriate final concentrations, as indicated in 

Results. MβCD was dissolved directly in the MKS on the day of use to a final concentration 

of 7 mM. The pH was measured in all final solutions with various drugs and reset to 7.4 

before experiments.

Statistical Analysis

Data are expressed as mean ± SEM. Statistical analysis was performed using the paired or 

unpaired Student's t test and values of P < .05 were considered statistically significant.

Results

Acute Application of MβCD Reversibly Enhanced Phenylephrine-Induced Active Tension in 
Endothelium-Intact Pulmonary Arteries

Previous observations by McDaniel et al. (2001) showed that phenylephrine-induced 

pulmonary artery contraction occurred via multiple pathways regulating [Ca2+]cyt, whereas 

high K+-induced pulmonary artery contraction depended wholly upon membrane 

depolarization and activation of L-type VDCCs [9]. To investigate the role of caveolae in 

regulating pulmonary artery contractility, we used MβCD, a drug known to deplete 

membrane cholesterol and disrupt the caveolae, to treat acutely (<2 minutes) or chronically 

(>1 hour) pulmonary artery rings and then determine the effect of MβCD.

As shown in Figure 1, acute application of MβCD (7 mM) induced a rapid and reversible 

contraction in the endothelium-intact pulmonary artery rings on top of the tension induced 

by phenylephrine (2 μM). The MβCD-mediated contraction occurred within 1 to 2 minutes 

and reached the maximal level after 7 to 8 minutes. Washout of MβCD decreased the tension 

to the control level within 10 minutes. In pulmonary artery rings preconstricted by 

phenylephrine, acute superfusion with MβCD increased the active tension by 25.5% ± 4.8% 

(from 1987.4 ± 193.0 to 2467.4 ± 190.4 mg/mg; P < .001). These results indicate that acute 

application of MβCD causes a rapid and reversible effect on the endothelium-intact 

pulmonary artery rings that are preconstricted.

Acute MβCD Treatment-Mediated Contractile Effect Is Dependent of the Endothelium

To examine whether acute application of MβCD causes further pulmonary artery contraction 

by an endothelium-dependent mechanism, we compared this contractile effect in pulmonary 

artery rings with an intact endothelium to that where the endothelium was functionally 

removed. As shown in Figure 2, functional removal of endothelium, confirmed by the 

absence of 10 μM acetylcholine–induced relaxation and the presence (or enhancement) of 5-
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hydroxytryptamine–induced contraction (Figure 2A), abolished the rapid MβCD-induced 

contraction in 25 mM K+– preconstricted pulmonary artery rings and significantly inhibited 

the contraction in phenylephrine-preconstricted pulmonary artery rings (Figure 2B, lower 
panel). In endothelium-denuded pulmonary artery rings, the acute M/3CD treatment–

induced active tension was reduced from 149.7 ± 26.3 to −4.3 ± 21.4 mg (n = 5; P < .01) in 

rings preconstricted with 25 mM K+, and reduced from 285.6 ± 38.3 to 54.0 ± 35.6 mg (n = 

5; P < .01) in rings preconstricted with 2 μM phenylephrine (Figure 2C). These results 

indicate that MβCD-mediated acute contractile effect on pulmonary artery rings is 

endothelium dependent. However, as the response was rapidly reversible, such acute 

exposure of cells to MβCD may be unrelated to its more chronic effects on cholesterol.

Prolonged (or Chronic) Treatment With MβCD Preferentially Inhibited Agonist-Induced 
Pulmonary Artery Contraction

In contrast to the acute (<2 minutes) contractile effect of MβCD, when pulmonary artery 

rings were incubated for 1 hour with 7 mM MβCD, the 40 mM K+–induced contraction was 

negligibly affected (Figure 3), but the 2 μM phenylephrine–induced contraction was 

significantly inhibited (Figure 4).

In isolated pulmonary artery rings, a biphasic contraction in response to phenylephrine was 

observed (Figure 4A), the transient contraction, as previously reported by McDaniel and 

colleagues [9], was mainly due to Ca2+ release from intracellular stores in PASMCs, 

whereas the sustained contraction was mainly due to Ca2+ influx through ROC/SOC in 

PASMCs [9]. As shown in Figure 4B, both the peak (transient contraction) and plateau 

(sustained contraction) tension induced by phenylephrine in the presence of extracellular 

Ca2+ were significantly reduced by prolonged treatment with of MβCD. However, the 

decline of the sustained contraction appeared to take place prior to the decrease in the 

transient contraction during the 1-hour treatment with MβCD.

As shown in Figure 4B, the phenylephrine-induced peak and plateau tension was decreased 

from 887.7 ±54.1 and 642.7 ± 49.9 mg/mg to 692.5 ± 39.3 (P < .01) and 410.7 ± 39.0 

mg/mg (P < .01), respectively, during the 1-hour MβCD treatment. After approximately 1 

hour of washout of MβCD, the phenylephrine-induced contraction did not recover and a 

further decrease in both the peak (from 692.5 ± 39.3 to 461.8 ± 100.0 mg/mg; P < .05) and 

plateau (from 410.7 ± 39.0 to 330.7 ± 59.1 mg/mg; P = .2596). After an additional 2 hours 

of washout, the response to phenylephrine was fully recovered (Figure 4B). There is a 

significant difference between the peak tension during the MβCD treatment and the tension 

∼1 hour after the MβCD treatment (P < .05), whereas there is no significant difference 

between the plateau tension during the MβCD treatment and the tension ∼1 hour after the 

MβCD treatment (P = .26). Additionally, at a much higher concentration of PE (20 μM), the 

effect of MβCD was completely attenuated (Figure 5). It is plausible that, at such a high 

concentration of PE, maximal activation of surface receptors occurs causing a strong 

contraction, overpowering the loss of receptors and localized signaling in caveolae disrupted 

by MβCD. Although the prolonged MβCD treatment significantly reduced the amplitude of 

both the phenylephrine-induced peak and plateau tension, it did not significantly affect the 

kinetics of tension development (Figure 6).

Schach et al. Page 5

Exp Lung Res. Author manuscript; available in PMC 2017 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Prolonged (or Chronic) Treatment With MβCD-Disrupted Caveolae Domains in the 
Membrane

In PASMCs from patients with IPAH, we have previously shown that cave-olae are increased 

due to up-regulation of caveolin-1 and caveolin-2 [18]. Treatment of PASMCs with MβCD 

significantly decreased the number of caveolae (Figure 7). Although this experiment was 

performed in isolated cells from IPAH patients using 5 mM MβCD for 2 hours and not rat 

pulmonary artery rings using 7 mM MβCD, they do prove that MβCD is an effective drug to 

decrease caveolae structures.

Discussion

Two major excitation-contraction coupling mechanisms are involved in regulating 

pulmonary vascular tone: electromechanical and pharmacome-chanical. An increase in 

[Ca2+]cyt in PASMCs is required for both mechanisms to trigger pulmonary 

vasoconstriction. In electromechanical coupling, membrane depolarization-mediated Ca2+ 

influx through VDCCs is the major resource for raising [Ca2+]cyt in PASMCs, whereas in 

pharma-comechanical coupling, agonist-mediated increases in [Ca2+]cyt in PASMCs are due 

to Ca2+ release from the sarcoplasmic/endoplasmic reticulum and Ca2+ influx through ROC 

and SOC.

The results from this study demonstrate that (a) acute (2 minutes) application of the 

cholesterol extracting drug, MβCD caused a reversible contraction in pulmonary artery rings 

preconstricted with vasoconstrictor, phenylephrine, or high K+, whereas functional removal 

of endothelium abolished the contractile effect of MβCD; (b) prolonged (≥1 hour) treatment 

with MβCD significantly inhibited agonist-induced pulmonary artery contraction, but 

negligibly affected high K+-induced pulmonary artery contraction; and (c) chronic treatment 

of the cells with MβCD decreased the number of caveolae structures visible in the cell 

membrane.

Acute Contractile Effect of MβCD on Phenylephrine- and High K+–Induced Pulmonary 
Artery Contraction: Dependence on the Endothelium

During agonist-induced pulmonary artery contraction, endothelial nitric oxide synthase 

(eNOS) in endothelial cells is also activated, especially the eNOS in caveolae. Activation of 

eNOS in endothelial cells may contribute as a somewhat “compensatory” mechanism against 

excessive contraction. Rapid depletion of the cholesterol and caveolae may inhibit the 

“compensatory” activation of eNOS and attenuate the subsequent release/production of 

nitric oxide from endothelial cells, thus leading to the rapid increase in pulmonary artery 

tension. This may account for the additional endothelium-dependent contraction caused by 

MβCD and, indeed, MβCD treatment has previously been shown to correlate with reduced 

eNOS activity and nitric oxide production. As the relationship between caveolin-1 and 

eNOS is dynamic and a prerequisite to homeostasis, it is also plausible that MβCD may 

reversibly disrupt eNOS localization by altering the membrane organization. These results 

also support a recent new perspective on the interrelationship between caveolae and eNOS 

[23] that endothelial dysfunction observed in hypertension is associated with eNOS 

dysfunction. A tight eNOS–caveolin-1 association attenuates the ability of caveolin to 
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inhibit signaling moieties and enhances cell proliferation [24]. It is, however, unclear 

whether the effects of MβCD are directly related to its depletion of caveolae in endothelial 

cells.

Inhibitory Effect of Prolonged MβCD Treatment on Agonist-Induced Pulmonary Artery 
Contraction

An opposing effect with a prolonged treatment of MβCD was observed, where the 

phenylephrine-induced pulmonary vasoconstriction was significantly inhibited. Although 

some inhibition of the KCl contraction was observed, it was insignificant, suggesting that 

any functional colocalization of VDCCs and caveolae in these cells is not essential to the 

control of membrane depolarization and subsequent contractile responses. These results 

contrast with those reported recently by Bailey and colleagues [25] where alpha-1 

stimulation was not affected by MβCD. It is important to note that this study had significant 

differences to those in the current manuscript using: mice instead of rats, tail arteries of the 

systemic circulation and not the highly specialized pulmonary arteries, a lower concentration 

(2 mM) of MβCD, and different experimental techniques [25]. Other studies, in ferret aorta 

and rat mesenteric arteries do show similarity in the effects of MβCD, with attenuation of 

the contraction to PE but no significant effects on the KCl-induced increase in tension [12, 

26]. These, and our, results indicate that, regardless of the location of VDCCs or whether or 

not VDCCs are colocalized into caveolae, membrane depolarization (e.g., induced by 

downregulated Kv channel expression and inhibited Kv channel function) is sufficient to 

induce adequate Ca2+ influx for efficiently triggering pulmonary vasoconstriction. The 

agonist-mediated Ca2+ influx or pulmonary vasoconstriction, however, is greatly regulated 

by the location of receptors, ROC/SOC, signaling molecules, and, perhaps, the sarcoplasmic 

or endo-plasmic reticulum.

Prolonged treatment of pulmonary artery rings with MβCD disrupts caveolae in PASMCs 

(and endothelial cells) displaces the colocalized receptors [27], ROC/SOC, signaling 

proteins, and effectors in caveolae [28]; increases the distance between the plasma 

membrane and the sarcoplasmic/endoplasmic reticulum membrane; and thus leads to an 

inhibition of agonist-induced pulmonary artery contraction. As shown in this study using 

isolated rat pulmonary artery rings, the agonist-induced transient contraction, which is 

mainly due to Ca2+ release from intracellular stores (e.g., the sarcoplasmic/endoplasmic 

reticulum), and the agonist-induced sustained contraction, which is mainly due to Ca2+ 

influx through ROC and/or SOC, were both significantly inhibited by prolonged (≥1 hour) 

exposure to MβCD. These results indicate that disruption of caveolae functionally 

disassembles the interaction of receptors (e.g., α-adrenergic receptor) with (a) ROC in the 

plasma membrane; (b) signaling molecules (e.g., inositol triphosphate [IP3]) that lead to 

opening Ca2+ release channels (e.g., IP3 receptor) in the sarcoplasmic reticulum membrane; 

and (c) other ion channels and transporters (e.g., Na+/Ca2+ exchangers) that can mediate 

inward transportation of Ca2+. Furthermore, disruption of caveolae may also increase the 

distance between the plasma membrane and the sarcoplasmic reticulum membrane, inhibit 

store depletion-mediated opening of SOC, attenuates capacitative Ca2+ entry, decrease Ca2+ 

refilling into the sarcoplas-mic reticulum, and ultimately reduce agonist-induced pulmonary 

vasocon-striction.
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It is important to note that prolonged (≥1 hour) treatment with MβCD had negligible effect 

on 40 mM K+–induced pulmonary artery contraction, indicating that (a) membrane 

depolarization-mediated pulmonary artery contraction does not necessarily require 

colocalization of, for example, VD-CCs in the caveolae; (b) the VDCCs located in caveolae 

only account for a small portion of total VDCCs in the plasma membrane in PASMCs; (c) 

membrane depolarization is sufficient to open all VDCCs in the plasma membrane to 

contribute to Ca2+ influx required for pulmonary vasocon-striction; (d) VDCCs 

disassembled from the caveolae can still be opened by membrane depolarization induced by 

high K+; and (e) the localization of VDCCs is not important in the pulmonary artery.

These data further indicate that agonist-mediated pulmonary vasocon-striction relies heavily 

on the colocalization of receptors with “effectors” (e.g., ion channels and transporters) in 

caveolae [28]. The close vicinity of the caveolae receptors and channels with the 

sarcoplasmic reticulum and interaction via signaling molecules such as IP3, diacylglycerol, 

and protein kinase C is also very important in assuring efficiency of agonist-induced 

vasoconstriction. Our data also indirectly suggest that receptors, ion channels, enzymes, and 

signaling molecules may colocalize in caveolae differently in different cell types, such as 

PASMCs versus pulmonary artery en-dothelial cell. Further study is needed to define what 

receptor and channel proteins are located in caveolae, and whether proteins and molecules in 

caveolae are functionally different in cells or arteries that are stimulated by agonists.

In summary, we have demonstrated a complexity in the regulation of agonist-mediated 

changes in pulmonary vascular tone. Although an exact signaling pathway cannot be 

precisely established at this stage, this research does highlight, in particular, an essential 

functional involvement of caveolae in pulmonary vascular contractility. Additionally, 

potential endothelial dysfunction and alterations in caveolae could interfere with multiple 

signaling mechanisms including Ca2+ signaling causing proliferation and contraction on 

PASMCs.
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FIGURE 1. 
Contractile effect of acute application of methyl-β-cyclodextrin (MβCD) on isolated rat 

pulmonary artery rings with an intact endothelium preconstricted with phenylephrine (PE). 

(A) Representative tension record showing a rapid increase in tension subsequent to 7 mM 

MβCD applied on top of 2 μM PE-induced contraction. (B) Summarized data (mean ± SE; n 
= 5) showing the amplitude of PE-induced active tension before (cont), during (MβCD), and 

after (wash) acute application of MβCD. ***P < .001 versus control.
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FIGURE 2. 
Functional removal of endothelium abolishes the contractile effect of acute application of 

MβCD on isolated rat pulmonary artery rings. (A) Representative tracings showing the 

changes of tension in rat pulmonary artery rings with endothelium (+Endo) and with 

endothelium denuded (−Endo) in response to 25 mM K+ (25 K), PE (2 μM), and 5-

hydroxytryptamine (5-HT; 5 μM). Acetylcholine (ACh; 10 μM) induced relaxation in 

pulmonary artery rings with endothelium (+Endo), but had no effect on tension in 

pulmonary artery rings with endothelium removed (−Endo). (B) Representative traces 

showing the effect of acute (5-minute) application of MβCD (7 mM) on 25 K- and PE-

induced contraction in pulmonary artery rings with (+Endo) and without (−Endo) 

endothelium. (C) Summarized data (mean ± SE; n = 5–6) showing changes in 25 K- or PE-

induced active tension in response to acute exposure to MβCD. **P < .01 versus +Endo.
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FIGURE 3. 
Depletion of cholesterol and disruption of caveolae by prolonged treatment with MβCD has 

no significant effect on high K+-induced, endothelium-intact pulmonary artery contraction. 

(A) A representative tension record showing the change of tension in response to 40 mM 

K+ (40 K) before, during, and after prolonged (1 hour) exposure to MβCD (7 mM). (B) 

Summarized data (mean ± SE; n = 6-9) showing the amplitude (left) and kinetics (or rate of 

increase, right) of the 40 K-induced active tension in pulmonary artery rings before 

(Control), during (MβCD-1 h), after (post-MβCD-1 h), and recovery from (Washout; for 2 

hours) treatment with MβCD.

Schach et al. Page 13

Exp Lung Res. Author manuscript; available in PMC 2017 July 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 4. 
Depletion of cholesterol and disruption of caveolae by prolonged treatment with MβCD 

reduces 2 μM PE-induced, endothelium-intact pulmonary artery contraction. (A) A 
representative absolute tension record showing the change of tension in response to 2 μM PE 

before, during, and after prolonged (1 hour) exposure to MβCD (7 mM). (B) Summarized 

data (mean ± SE; n = 6–12) showing the amplitude of peak (left) and plateau (right) phase of 

the PE-induced active tension in PA rings before (Control), during (MβCD-1h), after (post-

MβCD-1h), and recovery from (Washout; for 2 hours) treatment with MβCD. **P < .01 

versus Control. The amplitude of PE-induced peak contraction 1 hour after MβCD treatment 

(post-MβCD-1h; black bar) is significantly lower (P < .05) than the amplitude during the 1-

hour MβCD treatment (grey bar).
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FIGURE 5. 
Depletion of cholesterol and disruption of caveolae by prolonged treatment with MβCD has 

no effect on 20 μM PE–induced, endothelium-intact pulmonary artery contraction. 

Summarized data (mean ± SE; n = 5) comparing the amplitude of peak of the PE-induced 

active tension in PA rings before (Control) and after 1-hour pretreatment with MβCD (7 

mM).
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FIGURE 6. 
The rate of contraction to PE or KCL is not affected by MβCD. Comparison of the rate of 

increase in PE- or 25K-induced active tension in endothelium-intact PA rings before (Cont) 

and during (MβCD) prolonged treatment with MβCD.
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FIGURE 7. 
MβCD depletes IPAH PASMCs of cholesterol rich membrane domains. Electron 

micrographs comparing the membrane morphology from control (top) and MβCD-treated 

(bottom) PASMCs from IPAH patients. ▾indicates individual caveolae structures in the 

membrane.
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