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ABSTRACT 

Lipid rafts and caveolae are specialized membrane microdomains implicated in regulating G 

protein-coupled receptor signaling cascades.  Previous studies have suggested that rafts/caveolae 

may regulate β-adrenergic receptor/Gαs signaling but underlying molecular mechanisms are 

largely undefined.  Using a simplified model system in C6 glioma cells, this study disrupts 

rafts/caveolae using both pharmacological and genetic approaches to test if caveolin-1 and lipid 

microdomains regulate Gs trafficking and signaling.  Lipid rafts/caveolae were disrupted in C6 

cells by either acute cholesterol chelation using methyl-β-cyclodextrin or by stable knock-down 

of caveolin-1 and 2 by RNAi.  In imaging studies examining Gαs-GFP during signaling, 

stimulation with the βAR agonist isoproterenol resulted in internalization of Gαs-GFP; however, 

this trafficking was blocked by methyl-β-cyclodextrin or by caveolin knock-down.  Caveolin 

knock-down significantly decreased Gαs localization in detergent insoluble lipid raft/caveolae 

membrane fractions, suggesting that caveolin localizes a portion of Gαs to these membrane 

microdomains.  Methyl-β-cyclodextrin or caveolin knock-down significantly increased 

isoproterenol or TSH-stimulated cAMP accumulation.   Furthermore, forskolin and aluminum 

tetrafluoride stimulated adenylyl cyclase activity was significantly increased by caveolin knock-

down in cells or in brain membranes obtained from caveolin-1 knock-out mice, indicating 

caveolin attenuates signaling at the level of Gαs/adenylyl cyclase and distal to GPCRs. Taken 

together, these results demonstrate that caveolin-1 and lipid microdomains exert a major effect 

on Gαs trafficking and signaling.  It is suggested that lipid rafts/caveolae are sites which remove 

Gαs from membrane signaling cascades and caveolins might dampen globally Gαs/adenylyl 

cyclase/cAMP signaling.   
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INTRODUCTION 

Lipid rafts and caveolae are specialized membrane microdomains defined by their 

cholesterol- and sphingomyelin-rich nature, enrichment in glycosyl-phosphatidylinositol-

anchored proteins, cytoskeletal association, and their resistance to detergent extraction (Brown, 

2006).  Lipid rafts and caveolae selectively partition and organize proteins and lipids in 

membranes and they have been implicated in the regulation of a variety of cellular functions. 

These include exo- and endo-cytosis, membrane scaffolding, control of cholesterol homeostasis 

and transmembrane signal transduction.  A growing body of evidence indicates lipid 

rafts/caveolae regulate many G protein-coupled receptor (GPCR) signaling cascades by 

differentially partitioning GPCRs, heterotrimeric G proteins and their various effectors in 

membrane microdomains (for reviews see refs (Allen et al., 2007; Patel et al., 2008)). In addition 

to acting as organizing centers for signaling molecules, both lipid rafts and caveolae/caveolins 

can facilitate clathrin-independent endocytosis (Le Roy and Wrana, 2005; Rajendran and 

Simons, 2005) and thereby might modulate signal transduction by influencing  trafficking of 

signaling proteins.   

Caveolins are multi-functional scaffolding proteins that are essential for forming caveolae 

and recruiting proteins into these membrane microdomain invaginations (Cohen et al., 2004). 

While there are three caveolin gene products, caveolae functions are dependent on caveolin-1, as 

caveolin-1 knockout mice do not form caveolae (Cohen et al., 2004; Drab et al., 2001) and 

expression of caveolin-1 results in de novo formation of caveolae (Fra et al., 1995).  Caveolins 

may differentially regulate GPCR signaling by scaffolding and partitioning different receptors, G 

proteins and their effectors in caveolae.  For example, stable knockdown of caveolin-1 in C6 

glioma cells alters the signaling of only select Gαq-coupled GPCRs, as caveolin knockdown 
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abolishes signaling through 5-HT2A and P2Y receptors while thrombin signaling through Par1 is 

unaffected (Bhatnagar et al., 2004).  By contrast, the signaling of Gαq-coupled mGluR1/5 

receptors is attenuated by caveolin-1 in HEK293 cells or cortical neurons (Francesconi et al., 

2009).  Therefore, caveolins and caveolae differentially influence GPCRs and can either promote 

or inhibit their signaling cascades.   

The heterotrimeric G protein, Gαs, allosterically activates adenylyl cyclase resulting in 

cAMP production during GPCR signaling events.  Several previous studies have demonstrated 

that Gαs and subtypes of adenylyl cyclase are localized and enriched in lipid rafts/caveolae in 

various tissues including cardiomyocytes (Head et al., 2005; Rybin et al., 2000), endothelial cells 

(Oh and Schnitzer, 2001), and C6 glioma cells (Fagan et al., 2000; Toki et al., 1999) and this 

localization might modulate Gαs-coupled GPCR signaling.   

Numerous studies investigating the fate of activated Gαs have indicated the G protein can 

undergo agonist-induced intracellular redistribution, and this redistribution can involve either a 

release from membranes and translocation into the cytosol/cytoplasm or endocytosis 

(internalization) (Hynes et al., 2004; Levis and Bourne, 1992; Ransnas et al., 1989; Rasenick et 

al., 1984; Rodbell, 1985; Wedegaertner et al., 1996; Yu and Rasenick, 2002); however, the 

intracellular fate, functional impact and putative signaling of internalized Gαs is poorly 

understood (Marrari et al., 2007). Our recent studies of Gαs trafficking using a functional Gαs-

GFP fusion protein determined activation of Gαs results in its rapid internalization (Yu and 

Rasenick, 2002), which increases microtubule dynamics (Yu et al., 2009). Gαs internalization is 

dependent on lipid raft/caveolae domains (Allen et al., 2005).  In addition, Gαs localization in 

lipid rafts/caveolae appears dynamic and may also be dependent on the actin and microtubule 

cytoskeletons.   βAR stimulation of C6 cells increases Gαs partitioning into rafts/caveolae (Allen 
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et al., 2005) while treatment with various antidepressant drugs or microtubule/actin 

depolymerizing drugs results in removal of Gαs from the microdomains (Donati and Rasenick, 

2005; Head et al., 2006).  How the partitioning of Gαs in lipid rafts/caveolae and trafficking of 

Gαs through those structures influences Gαs signaling remains unclear.    

In this report, experiments test the hypothesis that caveolae/lipid rafts regulate Gαs 

trafficking and Gαs/adenylyl cyclase signaling.  We report that agonist-induced internalization of 

Gαs-GFP during signaling is prevented by disrupting lipid rafts/caveolae through cholesterol 

chelation or by stable caveolin knock-down in C6 glioma cells.  Disruption of lipid 

rafts/caveolae significantly increased Gαs/adenylyl cyclase signaling induced by GPCR 

activation or direct Gαs activation in C6 cells and in brain tissue isolated from caveolin-1 knock 

out mice.  These findings indicate lipid rafts/caveolae and caveolin-1 exert a major effect on Gαs 

trafficking and signaling.  These results further suggest that lipid rafts/caveolae represent plasma 

membrane microdomains where Gαs/adenylyl cyclase signaling is attenuated and may represent 

a portal for the regulation of cAMP signaling. 

 

MATERIALS AND METHODS 

Caveolin-1 knock-out mice- Caveolin-1 knock-out mice are a whole animal knock-out of 

caveolin-1 and 2 (Razani et al., 2001) bred onto a C57/BL6 line obtained from Jackson 

laboratories and were colony maintained as heterozygote sibling breeding pairs.  Just after 

weaning, 3 week old offspring were ear tagged and genotype confirmed by PCR.  10 to 12 week 

old male wild-type and knock-out littermate pairs were euthanized by decapitation and striatum 

immediately microdissected from whole brain.  Crude striatal membranes were prepared from 

both isolated striatal hemispheres by polytron homogenization of tissue in a sucrose-TRIS buffer 
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(50mM TRIS, 0.32M sucrose, 5mM MgCl2, 1mM EGTA and 1x protease inhibitors (Complete 

PI, Roche), pH 7.4).  The brain homogenates were centrifuged at 1000 x g for 15 min, 

supernatant reserved (S1), pellet resuspended in sucrose-TRIS and centrifugation repeated.  The 

second supernatant (S2) was combined with S1 and centrifuged at 30,000 x g for 20 min.  The 

resulting membrane pellet was resuspended in 50mM TRIS, 1mM EGTA, 5mM MgCl2 and 

protein concentration determined by the Bradford method.  Aliquoted membranes were frozen on 

dry ice and stored at -80 C˚ until use.  10ug of striatal membranes were analyzed for adenylyl 

cyclase activity (described below).  All animals were maintained in accordance with the 

University of North Carolina’s Institutional Animal Use and Care Committee Protocol and all 

procedures and euthanization adhered to standards in accordance with the PHS Welfare Act.     

 

Cell culture and transfections- Wild-type C6 glioma cells were obtained from American 

Type Culture Collection.  C6 cells in which caveolin-1 is stably knocked-down by RNAi (Cav-1 

RNAi) were prepared as previously described (Bhatnagar et al., 2004).  These cells contain 

endogenous β-adrenergic receptors. C6 cells or Cav-1 RNAi cells were cultured in DMEM 

containing 4.5 g glucose/L, 10% calf serum supplemented with iron (Hyclone), 1% penicillin and 

streptomycin, 1mM sodium pyruvate and maintained in 10% CO2 at 37º C.  Cav-1 RNAi cells 

were maintained in selection media containing normal DMEM (as above) supplemented with 0.6 

μg/ml geneticin/G418 (Invitrogen), to maintain selection of only stable RNAi clones.  The Gαs-

GFP fusion protein has been described previously (Yu and Rasenick, 2002).  For live-cell 

imaging, cells were seeded into delta T vision 35 mm glass bottomed dishes (Fisher).  Cells were 

grown to 70% confluency and were co-transfected for 5 hours with Gαs-GFP (0.5 μg/dish), Gβ1 

(0.25 μg/dish) and Gγ2 (0.25 μg/dish), using a ratio of 1:5, DNA:superfect transfection reagent 
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(Qiagen).  24 hours after Gαs-GFP transfection, cells were used for imaging experiments.  It is 

notable that in Cav-1 RNAi cells, unlike the parent C6 cells,  Gαs-GFP exhibited poor membrane 

localization.  After a series of plasmid titrations, it was determined that co-expression of Gβ1 and 

Gγ2 increased Gαs-GFP localization at the plasma membrane in the caveolin knock-down cells.  

The involvement of Gβγ in targeting Gαs to the plasma membrane is well-documented (Evanko 

et al., 2001; Marrari et al., 2007), and presumably, co-expression of the complete heterotrimer 

promotes membrane targeting of Gαs-GFP in the Cav-1 RNAi cells.  Therefore cells were co-

transfected with Gαs-GFP, Gβ1 and Gγ2 in all imaging studies of C6 and Cav-1 RNAi cells.  

Gαs-GFP expression was compared to endogenous Gαs expression using immunoblotting and 

was approximately 3 fold higher than endogenous Gαs expression.  For the TSHR studies and 

cAMP generation, the cDNA encoding the human thyroid stimulating hormone receptor was 

cloned into pcDNA3.1zeo by Dr. Gilbert Vassart (Institut de Recherche Interdisciplinaire, 

Brussels, Belgium) and generously provided by Dr. Deborah Segaloff (University of Iowa, Iowa 

City, IA) (Mizrachi and Segaloff, 2004). C6 cells plated in 12 well dishes were transfected with 

1.0 μg human TSHR cDNA/well using a ratio of 1:5, DNA : superfect transfection reagent 

(Qiagen).  24 h later, cells were treated with bovine TSH and assayed for cAMP accumulation. 

 

Microscopy and live-cell imaging- 1 hour prior to live cell imaging, complete media was 

replaced with serum free DMEM supplemented with 20 mM HEPES.  Cells were maintained at 

37º C during the entire period of observation using a heated microscope stage (Biotechnics, 

Fisher).  Fluorescent images were obtained using an inverted Nikon Eclipse TE 300 microscope 

equipped for fluorescent microscopy as previously described (Allen et al., 2005). All images 

shown were obtained using oil immersion with a 60x objective.  Scale bars shown are 10 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on August 20, 2009 as DOI: 10.1124/mol.109.060160

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 

MOL #60160 

9

micrometers in length.  Cells were treated with 10µM isoproterenol (Sigma) and Gαs-GFP 

trafficking was imaged in real-time during receptor stimulation.  For imaging studies utilizing the 

cholesterol chelating agent methyl-β-cylcodextrin (Sigma), C6 cells expressing Gαs-GFP were 

pre-incubated with 10mM cyclodextrin for 30 min. at 37ºC, cells were washed, and subsequently 

imaged during treatment with 10µM isoproterenol.  Images of live cells shown are representative 

of 40 to 50 cells imaged in six or more independent experiments.  Quantification of the 

internalization of Gαs-GFP was done as previously described (Allen et al., 2005; Yu and 

Rasenick, 2002). In brief, an individual blind to experimental conditions measured the mean gray 

value within the cytoplasm of cells in fluorescence images by selecting the maximal cytoplasmic 

region of each cell using Image J from the Public Domain NIH Image Program.  Mean gray 

values of the Gαs-GFP fluorescence in the cytoplasm were calculated and normalized to area 

measured.    

 

Isolation of lipid rafts/caveolae- C6 cells or Cav-1 RNAi cells were used to prepare Triton-

insoluble, caveolin-enriched membrane fractions by the procedure of Toki et al (Allen et al., 

2005; Toki et al., 1999), with slight modification.  C6 glioma cells or Cav-1 RNAi cells were 

grown in 150-cm2 flasks until confluent, and incubated in serum-free DMEM for 1 hour prior to 

all treatments.  Two flasks of cells were harvested into 1.0 ml of cold HEPES buffer (10mM 

HEPES, pH 7.5, 150mM NaCl, 1mM DTT, 0.3mM PMSF) containing protease inhibitors 

(Complete, Roche Diagnostics).  Cells were homogenized with 10 strokes of a motorized Potter-

Elvehjem homogenizer, nuclei were removed by centrifugation at 1000 x g for 10 minutes, and 

total cellular membranes were obtained from the supernatant by 100,000 x g ultracentrifugation.  

The total membrane pellet was resuspended into HEPES buffer containing 1% Triton X-100 and 
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incubated on ice for 30 minutes. The homogenate was adjusted to 40% sucrose by addition of an 

equal volume of 80% sucrose prepared in HEPES buffer, and placed at the bottom of an 

ultracentrifuge tube.  A step gradient containing 30, 15 and 5% sucrose was formed above the 

homogenate and centrifuged at 200,000 x g in a SW55 rotor for 18 hours.  Two or three opaque 

bands containing the Triton X-100 insoluble floating rafts/caveolae were confined between the 

15 and 30% sucrose layers.  Ten 0.5 ml fractions were removed from the top of the sucrose 

gradients and immediately frozen in liquid nitrogen.  To obtain samples of the buoyant fractions 

(BF) enriched in caveolae/lipid rafts, fractions three, four and five were obtained and combined, 

diluted threefold with HEPES buffer and pelleted in a microcentrifuge at 16,000 x g to obtain 

pellets of caveolin enriched samples of lipid rafts/caveolae.  To obtain samples of the non-

buoyant, Triton X-100 soluble membranes or heavy fractions (HF), 200µl was removed from the 

bottom of each ultracentrifuge tube (fraction ten) in the 40% sucrose layer.   These HF protein 

samples were precipitated with 1mM trichloroacetic acid in HEPES buffer for 30 minutes on ice, 

followed by pelleting in a microcentrifuge and resuspension in HEPES buffer after brief 

sonication.  These samples of HF Triton X-100 soluble membranes and BF Triton X-100 

insoluble lipid rafts/caveolae were subsequently analyzed for protein content by immunoblotting.      

 

Immunoblotting- In experiments assessing total levels of proteins, C6 cells or Cav-1 RNAi cells 

were placed in lysis buffer (PBS/0.1% sodium dodecyl sulfate (SDS)) followed by brief 

sonication and equal protein (20 μg) of lysates were subjected to SDS-PAGE.  In studies 

assessing protein content in isolated lipid rafts/caveolae, all ten fractions obtained from sucrose 

gradients were examined by loading equal volumes of each fraction (30 μl) into 12% 

polyacyrlamide gels followed by SDS-PAGE.  In studies comparing lipid raft/caveolae buoyant 
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fractions versus heavy fractions, equal protein (5µg) of the Triton X-100 soluble membrane 

fraction (fraction ten) or lipid raft/caveolae fractions (pooled fractions three, four and five) were 

subjected to SDS-PAGE. After electrophoresis, proteins were transferred to polyvinylidene 

difluoride (PVDF) membranes which were analyzed by western blotting as described previously 

(Allen et al., 2005).  After blocking and thorough washing, membranes were incubated with 

polyclonal rabbit Gαs antibody (1:10,000 dilution, 3 h, Dupont/NEN) or polyclonal rabbit Gαs 

antibody with overnight incubation (1:1000 dilution, Calbiochem), a polyclonal β2AR antibody 

with overnight incubation (1:200 dilution, Santa Cruz Biotech.), polyclonal AC VI antibody with 

overnight incubation (1:500 dilution, Santa Cruz Biotech.), or monoclonal anti caveolin-1 

antibody with 2 h incubation (1:5000 dilution, Transduction Labs).  Detection of bound antibody 

on the blot was assessed using horseradish peroxidase (HRP)-conjugated secondary antibodies 

(Jackson Laboratories) and visualized by enhanced chemiluminescent detection (ECL, 

Amersham), and quantified, after scanning densitometry, using Imagequant software (Molecular 

Dynamics).  Immunodetected Gαs, β2AR, AC VI and caveolin-1 bands were quantified and the 

integrated optical density (IOD) of each band was determined and is expressed as percent of 

wild-type C6 cells.  For several of the experiments, the original membranes were stripped with 

an acidic glycine buffer for 5 min. at room temp (100mM glycine, pH 2.4), washed and reprobed 

sequentially using the antibodies.   

 

cAMP accumulation assays- The cAMP accumulation assay was done according to the method 

of Salomon with slight modification (Salomon, 1979).  To measure cAMP accumulation in 

living cells, subconfluent C6 cells or Cav-1 RNAi cells were incubated for 20 h with 4 µCi/ml 

[2,8-3H]-adenine in complete media to label the total pool of cellular ATP.  Prior to treatments, 
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cells were washed and incubated in serum-free DMEM (containing 40 mM HEPES, 40 mM Tris 

and 1 mM EGTA at pH 7.40), and pre-treated with 500 µM isobutyl methylxanthine (IBMX), a 

broad species phosphodiesterase inhibitor, for 5 min. to prevent cAMP degradation.  Cells were 

subsequently exposed to agonist or drug at 37°C for 30 min. at the following concentrations: 

10pM-10μM isoproterenol (Sigma), 0.01mIU/ml-100mIU/ml bovine TSH (Sigma), 100μM 

forskolin (Alomone Labs).  In some assays, cells were pre-treated as follows: 10mM methyl-β-

cyclodextrin (Sigma) for 30 min. followed by agonist treatments, pretreated for 90 min. with 

cyclodextrin-cholesterol complexes (10-1000 µg/ml cholesterol-CD in a molar ratio of 1:6, 

Sigma) followed by agonist, pretreatment for 18h with 10-100 ng/ml pertussis toxin (Sigma) 

followed by agonist.  Reactions were stopped and cells lysed by addition of cold 5% 

trichloroacetic acid.  Cell lysates were incubated on ice for 1 h and cell debris removed by 

centrifugation.  1000 cpm each of [32P]-α-ATP and [8-14C]-cAMP were added as internal 

standards to each sample. [2,8-3H]-ATP and [2,8-3H]-cAMP were separated by sequential 

Dowex-Alumina ion exchange column chromatography and eluates collected into vials followed 

by scintillation counting for 3H, 32P and 14C.  Normalizing to [2,8-3H]-ATP served to control for 

variations in cell number and metabolism unrelated to adenylyl cyclase activity.  Variations in 

column recovery were corrected for using the [8-14C]-cAMP counts .  Data were expressed as 

cAMP formed / (ATP formed + cAMP formed) x 100%.  

 

Adenylyl cyclase activity assays- Adenylyl cyclase enzyme activity assays in cell membranes 

were also performed according to the method of Salomon, with slight modification (Salomon, 

1979).  Initially, C6 cell membranes from cells were obtained by centrifugation as follows.  A 

confluent 150-cm2 flask of cells was harvested, cells resuspended in 1 ml cold HEPES/Sucrose 
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buffer (10mM HEPES, 1mM DTT, 0.25 M sucrose, 1x protease inhibitor cocktail (Complete, 

Roche Diagnostics), pH 7.5) and homogenized with 10 strokes of a motorized Potter-Elvehjem 

homogenizer.  The homogenate was centrifuged at 600 x g for 10 min., supernatant reserved, 

pellet resuspended again in 1 ml cold HEPES/Sucrose buffer.  The homogenate was centrifuged 

again at 1040 x g for 10 min, supernatant obtained and combined with the reserved supernatant.  

Supernatants were ultracentrifuged at 100,000 x g for 30 min, and membrane pellets obtained 

and resuspended in 700μl HEPES buffer (15 mM HEPES buffer, 1x protease inhibitor cocktail, 

pH 7.5).  Samples were stored under liquid N2 until use.  10 μg of cell membranes were added to 

a reaction mixture containing agonists or drugs for 20 minutes at 30°C to allow the conversion of 

[32P]-α-ATP to [32P]-α-cAMP in a buffer containing IBMX and an NTP-regeneration system (2.5 

µCi/ml [32P]-α-ATP, 15 mM HEPES, 5 mM MgCl2, 1 mM EGTA, 1mM DTT, 500µM IBMX, 

10 µM GTP, 0.25 mg/ml BSA, 50 µM cAMP, 50 µM ATP, and 0.14 mg/ml creatine 

phosphokinase, and 0.5 mg/ml creatine phosphate). The reaction was stopped on ice with 1% 

SDS, 45 mM ATP and 1.3 mM cAMP, and 10,000 cpm of [2,8-3H]-cAMP was added as an 

internal standard to adjust for recovery. cAMP was purified using sequential Dowex-Alumina 

column chromatography, eluates collected followed by scintillation counting for 3H and 32P.  

Adenylyl cyclase activity was expressed as pmol cAMP formed/min/mg protein after 

normalizing for column recoveries (Salomon, 1979).  A standard curve analysis determined that 

10μg of membrane protein used in these assays was within the linear range of adenylyl cyclase 

enzyme activity.   

 

Cholesterol measurements- Total cell lysates or membranes from wild type C6 or Cav-1 RNAi 

cells were prepared as follows.  For total lysates, confluent cells grown in 75-cm2 flasks were 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on August 20, 2009 as DOI: 10.1124/mol.109.060160

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 

MOL #60160 

14

harvested into ice cold PBS, pelleted by brief centrifugation and resuspended in 1 ml HEPES 

buffer (15mM HEPES, 1mM DTT, 1x protease inhibitor cocktail, pH 7.5).  Total lysates were 

obtained by homogenizing the cells with 10 strokes of a motorized Potter-Elvehjem 

homogenizer.  Membranes were prepared as described for adenylyl cyclase activity assays.  

Whole cell lysates and crude membrane pellets were submitted to the Pathology Department at 

UIC for cholesterol analysis.  Samples were analyzed on the SYNCHRON CX System using a 

cholesterol reagent kit in conjunction with the SYNCHRON Systems CX MULTI Calibrator 

(Beckman Coulter). The reaction utilizes cholesterol oxidase and the hydrolysis of cholesterol 

esters into free cholesterol and the oxidation of free cholesterol producing hydrogen peroxide. 

The result is quantified by a peroxidase-generated color reaction and analyzed by automated 

spectrophotometry.  Results obtained in μg cholesterol/deciliter were normalized to protein 

concentration in the samples and are expressed as μg cholesterol/mg protein.  

 

Statistical analyses- All quantified data was analyzed for statistical significance using a one-way 

ANOVA followed by Student-Newman-Keuls multiple comparison test using Prism 4.0, 

software package for statistical data analysis (Graph Pad Software Inc.).   Differences were 

considered significant at p<0.05.  Emax and EC50 values of agonist responses were calculated by 

nonlinear regression sigmoidal best-fit curve analysis using Prism 4.0.      

 

 
 
 
 
 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on August 20, 2009 as DOI: 10.1124/mol.109.060160

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 

MOL #60160 

15

RESULTS 

Stable knock-down of caveolin-1 in C6 glioma cells as a model system.  As a simplified cell 

system, we used C6 glioma cells in which caveolin-1 is stably knocked-down by RNA 

interference.  Since caveolin knock-down might influence the overall expression of βAR 

signaling molecules, total protein levels were examined in Cav-1 RNAi cells and compared to 

WT C6 cells.  It is worth noting that stable knock-down of caveolin-1 in these cells also results 

in knock-down of caveolin-2 (Bhatnagar et al., 2004).  Total protein lysates from both cell types 

were obtained and equal protein subjected to SDS-PAGE followed by immunoblotting (Fig. 1A).  

Cav-1 RNAi cells showed significantly reduced immunoreactivity for caveolin-1 (reduced by 

~90% versus WT C6 cells).  Blots were stripped and sequentially reprobed for total levels of 

β2AR, Gαs and adenylyl cyclase type six (AC VI), the predominant AC isoform in C6 cells 

(Debernardi et al., 1993).  While a slight decrease in the levels of proteins is evident in the 

representative immunoblot (Fig. 1A), the mean IOD obtained from scanning densitometry of 

blots from four independent experiments showed no change in total protein levels of β2AR, Gαs 

or AC VI in the Cav-1 RNAi cells versus WT C6 cells (Fig. 1B).  These results confirm stable 

knock-down of caveolin-1 protein in Cav-1 RNAi cells and reveal no major alteration in the 

level of signaling molecules in the βAR-Gαs-adenylyl cyclase signaling cascade. 

  

Caveolin knock-down decreases Gαs localization and adenylyl cyclase activity in lipid 

rafts/caveolae.  While the total level of Gαs appeared unchanged by caveolin RNAi, the 

membrane distribution of Gαs might be altered by this genetic disruption.  To examine the 

distribution of endogenous Gαs in lipid rafts/caveolae, WT C6 and Cav-1 RNAi cell membranes 

were isolated and subjected to solubilization in 1% Triton X-100. Detergent resistant 
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raft/caveolae enriched membranes were then isolated by sucrose density gradient fractionation 

(Fig. 2).  Ten membrane fractions from both cell types were isolated and equal volumes from 

each fraction analyzed by immunoblotting for endogenous Gαs or caveolin-1 (Figs. 2A and 2B).  

Results from WT C6 cells indicated caveolin-1 containing fractions were exclusively located in 

bouyant sucrose fractions 3, 4 and 5 (Fig. 2A, lower panel).  In Cav-1 RNAi cells, caveolin-1 

immunoreactivity was greatly decreased and detected in only buoyant fraction 5 (Fig. 2B, lower 

panel).  In the unstimulated WT C6 cells, Gαs immunoreactivity was located predominantly in 

the heavy sucrose fractions containing detergent soluble membranes; however, approximately 

fifteen percent of Gαs immunoreactivity was located in the caveolin containing fractions (Fig. 

2A, upper panel).  In the Cav-1 RNAi cells, Gαs immunoreactivity was shifted and decreased in 

fractions 3, 4 and 5 when compared to WT C6 cells (Fig. 2B, upper panel). 

To further examine this raft/caveolae distribution of Gαs, fractions 3, 4 and 5 were 

combined and represent the TX-100 insoluble buoyant fractions (BF) enriched in rafts/caveolae, 

and a heavy sucrose fraction (fraction 10) (HF) was isolated and is representative of the non-raft 

membranes.  This analysis enables a relative comparison of Gαs content in raft/caveolae versus 

non-raft/caveolae fractions between the two conditions, but does not represent the total Gαs 

membrane content.  Equal protein (5μg) of BF and HF were analyzed by immunoblotting (Fig. 

2C).  This equal protein comparison showed Gαs immunoreactivity was enriched in BF lipid 

rafts/caveolae compared to the non-raft HF.  Notably, the localization of Gαs in BF was 

decreased in Cav-1 RNAi cell membranes compared to WT C6 membranes (Fig. 2C, upper 

panel).  Quantification of Gαs bands by scanning densitometry determined Gαs localized in BF 

rafts/caveolae was significantly decreased by ~50% in Cav-1 RNAi cells versus WT C6 cells 

(Fig. 2D).  These data indicate stable knock-down of caveolin-1 decreases Gαs localization in 
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lipid rafts/caveolae, suggesting caveolin-containing microdomains localize a portion of Gαs to 

buoyant membrane fractions.  These findings are consistent with the previous finding that Gαs is 

located in detergent resistant membrane fractions of C6 cells and that ß-agonist stimulation 

increases the pool of G protein located in these membrane domains (Allen et al., 2005).   

 In a complimentary experiment, AC enzyme activity in the membrane fractions was 

determined. The pmol of cAMP generated from each fraction was expressed as percent of total 

response from all fractions.  This normalization enabled comparison of the relative AC activity 

present in each fraction (Fig. 2E).  This analysis showed the majority of total cAMP synthesis 

(~70%) occurred in non-raft containing heavy fractions 8, 9 and 10 in both WT C6 and Cav-1 

RNAi cells.  Notably, Cav-1 RNAi cells showed a reduction in cAMP synthesis in buoyant 

fractions 3, 4 and 5, suggesting caveolin knock-down redistributes adenylyl cyclase from lipid 

rafts/caveolae to non-raft membrane regions.  

 

Disruption of lipid rafts/caveolae with cyclodextrin or caveolin knock-down increases βAR 

and TSHR-stimulated cAMP accumulation.  To examine the effects of disrupting lipid 

rafts/caveolae on βAR signaling, WT C6 cells were treated with methyl-ß-cyclodextrin, a 

cholesterol chelating agent which disrupts these membrane domains, and isoproterenol-

stimulated cAMP accumulation was determined (Fig. 3A).  Pretreatment of cells with 

cyclodextrin increased isoproterenol-stimulated cAMP accumulation by ~60% .  This increase 

was reversed if cholesterol was restored to the cyclodextrin-treated cells.  Cyclodextrin had no 

detectable effect on basal cAMP levels.   

Agonist-stimulated cAMP accumulation studies were also performed with Cav-1 RNAi 

cells (Fig. 3B).  Both WT and Cav-1 RNAi cell lines were treated with increasing concentrations 
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of isoproterenol (10pM to 1μM) for 30 min.   Basal cAMP levels were unchanged in caveolin 

knock-down cells when data from six independent experiments were combined (basal cAMP 

means ± S.E. : WT C6 = 0.24 ± 0.36;  Cav-1 RNAi = 0.43 ± 0.16).  Data were processed by 

nonlinear regression best-fit curve analysis to obtain agonist potencies (EC50) and efficacies 

(Emax).  Isoproterenol-stimulated cAMP accumulation was increased approximately 80% in Cav-

1 RNAi cells versus WT C6 cells (Emax values: WT C6 =14.66 ± 0.29; Cav-1 RNAi =23.33 ± 

0.23).  However, agonist potency was unchanged by caveolin-1 knock-down (EC50 values: WT 

C6 = 6.54nM; Cav-1 RNAi = 5.13nM; EC50 95% confidence intervals: WT C6 =  5.14 to 

8.33nM; Cav-1 RNAi = 4.36 to 6.05nM).  These data suggest that stable knock-down of caveolin 

increases maximal isoproterenol-stimulated cAMP accumulation without altering agonist 

potency.  

To determine if signaling from another Gαs-coupled GPCR is similarly affected by 

caveolin knock-down, WT C6 and Cav-1 RNAi cells were treated with bovine TSH, as gene 

array studies of C6 cells have reported detection of TSHR mRNA (Bhatnagar et al., 2004).  

Treatment of cells with saturating concentrations of TSH did not result in increased cAMP 

production, indicating that endogenous TSH receptors are not functional, or TSHR protein is not 

expressed in C6 cells (data not shown).  As an alternative approach, cells were transfected with a 

human TSHR construct and 24 h after transfection treated with increasing concentrations of TSH 

(0.01 to 100 mIU/ml).  TSH-stimulated cAMP accumulation was significantly increased in Cav-

1 RNAi cells versus WT C6 cells at all concentrations of TSH tested (Fig. 3C), suggesting both 

βAR and TSHR signaling is increased by caveolin knock-down.  Taken together, these data 

indicate that disrupting lipid rafts/caveolae in C6 cells greatly increases βAR or TSHR signaling 

suggesting these membrane microdomains attenuate Gαs-coupled GPCR signaling. 
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Caveolin knock-down increases forskolin- and fluoride-stimulated Gαs/adenylyl cyclase 

signaling.  To clarify if signaling elements downstream of the receptor are responsible for the 

elevated cAMP observed in the Cav-1 RNAi cells, cells were treated with isoproterenol,  

forskolin or fluoride and cAMP accumulation determined.  Forskolin binds directly to adenylyl 

cyclase and is capable of activation the enzyme.  Nonetheless, AC activation by forskolin is also 

strongly influenced by the presence and activation of Gαs (Insel and Ostrom, 2003; Sutkowski et 

al., 1994).  Forskolin binding affinity at AC is highest when Gαs is present, and labeled forskolin 

can be used to detect and characterize Gαs-AC complexes in cells and membranes as well as 

assess basal Gαs activation of AC (Insel and Ostrom, 2003). Experiments testing forskolin 

determined isoproterenol as well as forskolin-stimulated cAMP accumulation was significantly 

increased in Cav-1 RNAi cells compared to WT C6 cells (Fig. 4A).   

To further confirm that caveolin knock-down potentiated Gαs-AC signaling, adenylyl 

cyclase enzyme activity assays were performed in membrane preparations isolated from WT C6 

or Cav-1 RNAi cells.  Results revealed basal adenylyl cyclase activity was similar in membrane 

preparations from WT C6 cells and Cav-1 RNAi cells (Fig. 4B; unstimulated cells, pmol 

cAMP/min/mg: WT C6 = 13.74 ± 0.81; Cav-1 RNAi = 16.84 ± 1.56).  Forskolin-stimulated 

adenylyl cyclase activity was increased by ~80% in membranes from Cav-1 RNAi cells versus 

WT C6 cells (Fig. 4B).   

Aluminum tetrafluoride (AlF4
-) was used to directly activate Gαs to assess Gαs-

stimulated adenylyl cyclase activity. Fluoride stimulation of adenylyl cyclase is routinely 

attributed to AlF4
- mimicking the terminal phosphate of GTP, thus activating the GDP form of 

Gαs in a hormone-independent fashion. Fluoride-stimulated AC activity was increased by 112% 
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in Cav-1 RNAi versus WT C6 membranes, indicating stable caveolin knock-down increases 

Gαs-stimulated activation of AC (Fig. 4C).  Taken together, these data suggest stable knock-

down of caveolin enhances cAMP accumulation and AC activity downstream of the βAR at the 

level of Gαs/AC.  These results also imply that Gαs/AC signaling is attenuated by the presence 

of caveolins/caveolae. 

 

Increased cAMP accumulation due to caveolin knock-down is cholesterol and Gαi 

independent.  Caveolin binds tightly to cholesterol (Murata et al., 1995) and has been implicated 

in regulating intracellular cholesterol transport (Smart et al., 1996) as well as regulating 

cholesterol homeostasis in cells and tissues (Frank et al., 2006).  This intimate association 

between caveolin and cholesterol raises the possibility that alterations in cholesterol may occur 

due the stable knock-down of caveolin.  Since membrane fluidity and several membrane 

associated proteins are influenced by cholesterol content, the increased cAMP effects observed 

with Cav-1 RNAi cells might be, in part, due to altered cholesterol.  To test this, WT C6 and 

Cav-1 RNAi total cell lysates or membranes were prepared and analyzed for cholesterol content.  

As a positive control, WT C6 cells were treated with cyclodextrin to chelate cholesterol, using 

the same treatment paradigm as done in previous experiments.  Cholesterol content in total 

lysates or membranes was similar in WT C6 and Cav-1 RNAi cells; however, cyclodextrin 

treatments did significantly decrease total and membrane cholesterol (Fig. 5A).   

 Subsequent to this, WT C6 and Cav-1 RNAi cells were dose treated with exogenous 

cholesterol, followed by measurements of cAMP accumulation (Fig. 5B).  In the absence of 

agonist, cholesterol treatments had no effect on basal cAMP in either cell type.  The highest 

concentration of cholesterol tested, 1 mg/ml, significantly attenuated isoproterenol-stimulated 
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cAMP accumulation in both WT C6 and Cav-1 RNAi cells.  These results and the observation 

that cholesterol content was unchanged by caveolin knock-down, suggest the signaling effects 

observed in the Cav-1 RNAi cells are independent of cholesterol content.   

Upon phosphorylation by PKA, β2ARs can switch coupling to Gαi, an event shown to be 

involved in Gβγ mediated-activation of MAPK signaling cascades and ERK1/2 activation 

(Daaka et al., 1997).   In addition, caveolae have been implicated in regulating the physiologic 

signaling of β2AR subtypes in cardiomyocytes and may influence the coupling of Gαi (Rybin et 

al., 2000; Xiang et al., 2002).  This Gαi switching mechanism might be influenced by lipid 

rafts/caveolae, potentiating adenylyl cyclase by diminished inhibition.  To test this, Gαi/αo 

subunits were prevented from coupling to β2ARs by treating cells with pertussis toxin (PTX).  

PTX treatments did not alter basal or isoproterenol-stimulated cAMP accumulation in WT C6 or 

Cav-1 cells (Fig. 5C), and the elevated cAMP production in Cav-1 RNAi cells was unaffected by 

inactivating Gαi coupling to the β2AR.  The lack of effect of PTX on isoproterenol-stimulated 

cAMP in WT C6 cells is consistent with previous findings (Watts and Neve, 1996). PTX 

uncouples receptors from Gαi/Gαo; however, it does not inactivate those G proteins.  Therefore, 

in the absence of constitutively active receptors, PTX should not increase Gαs activity. These 

results indicate the elevated Gαs/adenylyl cyclase signaling resulting from caveolin knock-down 

is independent of Gαi.   

 

Agonist-induced internalization of Gαs-GFP requires lipid rafts and caveolins.  Our 

previous trafficking studies indicated that stimulation of βARs in C6 cells resulted in the 

internalization of Gαs-GFP through lipid rafts (Allen et al., 2005). To distinguish contributions 

of cholesterol and/or caveolins to this trafficking, Gαs-GFP localization was further examined 
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using Cav-1 RNAi cells and wild type cells.  It is worth noting that Gαs-GFP is a fully functional 

fluorescent fusion protein that exhibits nearly identical trafficking and cellular distribution as 

endogenous Gαs (Yu and Rasenick, 2002).   Wildtype C6 cells or Cav-1 RNAi cells were 

transfected with Gαs-GFP, Gβ1 and Gγ2 and living cells imaged during treatment with 10μM 

isoproterenol (Figure 6).  Gαs-GFP imaging experiments were done in WT C6 and Cav-1 RNAi 

cells and compared to results using methyl-β-cyclodextrin.  Isoproterenol stimulation of WT C6 

cells resulted in a partial internalization of Gαs-GFP, similar to previous observations (Allen et 

al., 2005; Yu and Rasenick, 2002).  In the representative WT C6 cells shown, twenty minutes of 

agonist exposure increased Gαs-GFP fluorescence in intracellular vesicles and punctate 

structures and also reduced the signal located at the plasma membrane (Figs. 6A and 6B).  Pre-

incubation of cells with cyclodextrin prevented agonist-induced endocytosis of Gαs-GFP; 

however, this was reversed in cells treated with cyclodextrin followed by cholesterol repletion 

(Figs. 6C, 6D and 6E).  Notably, agonist treatment of Cav-1 RNAi cells showed few detectable 

changes in Gαs-GFP localization, and signals remained largely at the same membrane structures 

over the 30 minutes of agonist stimulation (Figs. 6F, 6G and 6H).  Images of Gαs-GFP from > 

50 cells for each treatment group from ≥ 6 independent experiments were quantified and 

normalized to untreated control cells (Fig. 6I).  These results reveal that Gαs-GFP internalization 

is prevented by disruption of rafts/caveolae with cyclodextrin or by caveolin knock-down, 

suggesting Gαs requires cholesterol and caveolin-1 to undergo endocytosis during βAR 

signaling.   

 

Caveolin-1 knock-out increases Gs/adenylyl cyclase signaling activity in mouse brain 

Finally, to determine if caveolin influences Gαs/AC signaling in a native system, Gαs/AC 
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signaling was examined ex vivo in brain membranes isolated from wildtype and caveolin-1 

knock out mice.  Corpus striatum membranes isolated from littermate wildtype or caveolin-1 

knock-out mice were assayed for AlF4
- and forskolin-stimulated AC activity.  No significant 

difference was evident in basal AC activity between the genotypes (Fig. 7A: WT mice basal AC 

activity = 13.1 ± 1.6, Cav-1 KO basal AC activity = 16.8 ± 2.3; Fig. 7B: WT mice basal AC 

activity =12.0 ± 1.9, Cav-1 KO basal AC activity =13.0 ± 1.4).  However, AlF4
--stimulated AC 

activity was increased by approximately 60% in caveolin-1 knock-out membranes versus 

wildtype (Fig. 7A).  In addition, forskolin-stimulated AC activity was increased approximately 

30% compared to wildtype (Fig. 7B).  These data suggest genetic knock-out of caveolin-1 

increases Gαs/AC signaling in mouse brain.   

DISCUSSION 

The major findings of this paper are that lipid rafts/caveolae and caveolin-1 exert a major 

effect on Gαs trafficking and Gαs/AC signaling.  To the best of our knowledge, this is the first 

investigation demonstrating genetic loss of caveolin in cells or mice results in elevated Gαs/AC 

signaling. Disruption of rafts/caveolae by either genetic or pharmacological approaches 

prevented Gαs trafficking in these membrane domains, prevented Gαs internalization and greatly 

elevated Gαs/AC signaling.  These findings support the concept that caveolins and rafts/caveolae 

attenuate cAMP signaling by modulating both Gαs trafficking and Gαs-AC coupling.  Therefore, 

caveolins and intact raft/caveolae microdomains might globally dampen cAMP signaling during 

activation of Gαs-coupled GPCRs.  Furthermore, these studies provide novel evidence to support 

a role for G protein mechanisms and membrane microdomains in signaling attenuation. 

Lipid rafts and caveolae are typically thought of as membrane microdomains which 

spatially organize GPCR signaling molecules to promote kinetically favorable interactions to 
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facilitate transduction (Ostrom and Insel, 2004).  However, a survey of previous studies indicates 

rafts/caveolae are equally likely to either enhance or inhibit signaling at the level of GPCR, G 

protein or effector (Allen et al., 2007).  Given this complexity, we utilized the simplified system 

of C6 cells to examine the effects of rafts/caveolae on GPCR/Gαs/AC signaling. Overall, the 

findings indicate that caveolins and lipid rafts/caveolae attenuate cAMP signaling at the level of 

Gαs/AC.  In C6 cells, caveolin knock-down increased cAMP responses induced by multiple Gαs 

agonists including isoproterenol, TSH, and AlF4
-.  In addition, experiments using fluoride or 

forskolin indicate that caveolin knock-down profoundly increases Gs-stimulated AC activity and 

cAMP accumulation without altering basal activity or cAMP levels.  Since AlF4
--stimulated or 

forskolin-stimulated AC activity was increased by caveolin knock-down (increased 112% and 

80%, respectively), these results have determined the mechanism of caveolin-1 inhibition is at 

the level of Gαs/AC and distal to GPCRs. 

The finding that lipid rafts/caveolae attenuate cAMP production in this report is also 

consistent with previous studies. A recent report from Pontier et al similarly demonstrated that 

cholesterol chelation with cyclodextrin enhances ßAR signaling and that cholesterol separates 

ßARs from Gαs effectively dampening signaling (Pontier et al., 2008).  In C6 cells, adenylyl 

cyclase type VI is enriched in lipid rafts and inhibition of AC by calcium influx is dependent on 

raft/caveolae integrity (Fagan et al., 2000).  Forskolin-stimulated adenylyl cyclase activity is 

significantly increased after disrupting lipid rafts by depleting cholesterol (Miura et al., 2001; 

Rybin et al., 2000).   

In previous reports, the roles of caveolae/rafts in regulating Gαs/AC signaling have been 

implied from cholesterol chelation studies.  This report provides the first evidence that genetic 

loss of caveolin-1 increases Gαs/AC signaling in both a cell line and ex vivo from brain 
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membranes.  Our use of both stable caveolin RNAi or caveolin-1 knock-out to study 

GPCR/Gs/AC signaling is an important advancement as we can now clearly associate caveolin 

as a negative regulator of this pathway.  While cholesterol chelation studies remain a mainstay 

for disrupting cholesterol-enriched lipid microdomains, these techniques are less specific than 

molecular-based approaches.  Since cholesterol influences membrane dynamics and also 

interacts with membrane proteins including the ß2AR (Hanson et al., 2008), we used the 

approach of genetic knock-down or knock-out of caveolin.  While RNAi reduced caveolin 

protein by nearly 90%, membrane and total cholesterol levels are unchanged in the cells.  This is 

a crucial observation as caveolins are cholesterol binding proteins and are known to shuttle 

cholesterol from ER to plasma membrane (Smart et al., 1996).  In addition, although a small 

level of caveolin-1 remains expressed after RNAi (~10%), it is unlikely that this has any effect as 

complete knock-out of caveolin in brain membranes results in similar effects (Fig. 7).  The novel 

result that loss of caveolin-1 in mice increases Gαs/AC signaling in brain membranes (Fig. 7) 

suggests caveolins dampen this signaling pathway in vivo, a finding that merits further study.   

There are several theoretical mechanisms by which caveolins and rafts/caveolae might 

dampen Gαs/AC signaling.  One possibility is that caveolin knockdown prevents coupling 

between the βAR and Gαi, which might increase cAMP accumulation by preventing Gαi 

inhibition of AC; however, this is unlikely as pertussis toxin treatments of cells were without 

effect (Fig. 5).  In addition, since AlF4
- and forskolin-stimulated AC activity is increased by 

caveolin-1 knock-down or knock-out, the results suggest non-involvement of Gαi or a GPCR 

coupled to Gαi.  Alternatively, since caveolin-1 is a cholesterol binding protein (Murata et al., 

1995) limiting its expression could lower membrane cholesterol.  This is not the case (Fig. 5).  In 

fact, incubating wildtype or Cav-1 RNAi cells with 1 mg/ml exogenous cholesterol significantly 
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decreased isoproterenol-stimulated cAMP accumulation (Fig. 5).  Thus, it does appear that 

removing membrane cholesterol enhances βAR/Gαs/adenylyl cyclase signaling (most likely by 

disrupting rafts/caveolae) and adding cholesterol has the opposite effect.  Therefore, the elevated 

cAMP signaling due to loss of caveolin is independent of Gαi and cholesterol levels. 

Lipid rafts/caveolae can influence both spatial organization at the membrane and 

intracellular trafficking of signaling molecules; both mechanisms could regulate the 

Gαs/adenylyl cyclase signaling cascade.  Lipid rafts/caveolae could partition Gαs into lipid 

membrane domains where it cannot effectively activate adenylyl cyclase (Willoughby and 

Cooper, 2007), or act as vehicles for Gαs internalization to remove Gαs from membrane 

signaling cascades (Allen et. al, 2005).  Either would result in attenuated GPCR signaling.  

Regarding partitioning and spatial organization in membrane microdomains, the fractionation 

data indicate approximately 70-80% of ßARs, Gαs and AC are localized outside of caveolin 

containing membrane fractions in unstimulated C6 cells (Fig. 2) (Allen et al., 2005).  Not 

surprisingly, genetic loss of caveolin-1 decreases the level of Gαs and AC VI localized in 

raft/caveolae fractions, but this is likely due to a bulk decrease in formed caveolae (Fig. 2).  The 

stoichiometry of ßAR to Gαs in C6 cells is approximately 1:100 (Allen et al., 2005; Insel and 

Ostrom, 2003), suggesting the majority of the ßAR-Gαs-AC coupling occurs outside of lipid 

rafts/caveolae in these cells.  However, during active signaling, ßARs are removed from lipid 

raft/caveolae domains while Gαs significantly increases its localization in these domains 

(approximately 25% of total Gαs is in rafts/caveolae after agonist), suggesting rafts/caveolae 

separate pools of the receptor and G protein during signaling (Allen et al., 2005; Ostrom et al., 

2001; Pontier et al., 2008; Rybin et al., 2000).  This dynamic shifting of the components into or 
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out of microdomains during signaling likely contributes to both Gαs internalization (Fig. 6) and 

the ability to effectively constitute the AC signaling cascade.   

Our previous studies investigating the trafficking of Gαs-GFP estimate that 

approximately 50% of the total Gαs pool can be internalized during ßAR signaling (Yu et al., 

2009; Yu and Rasenick, 2002) and this internalization is completely blocked by disrupting lipid 

raft/caveolae endocytosis (Allen et al., 2005).  The novel observation that caveolin knock-down 

prevents agonist-induced endocytosis of Gαs (Fig. 6) is likely to best explain the effects of 

elevated Gαs/AC signaling (Fig. 3 and 4).  These data suggest that during active signaling, lipid 

rafts/caveolae/caveolins promote endocytosis of activated Gαs.  Considering a large pool of Gαs 

undergoes endocytosis during signaling and loss of caveolin prevents this trafficking, 

rafts/caveolae and caveolins would be anticipated to profoundly influence Gαs/AC signaling.  

This study also provides important new insights regarding the influence that caveolins 

and rafts/caveolae have on discreet GPCR-G protein signaling pathways.  With respect to Gαs in 

this report, we find that caveolin knock-down greatly elevates Gαs/AC signaling.  In remarkable 

contrast, this same caveolin knock-down in C6 cells profoundly inhibits Gαq-mediated signaling 

by the 5-HT2A and P2Y receptors (Bhatnagar et al., 2004). This reveals that different receptors 

and G protein signaling pathways are differentially influenced by caveolins; where Gαs signaling 

is inhibited while Gαq is facilitated.  Caveolins likely scaffold discreet molecular signaling 

elements and therefore control the functional actions of receptor pathways.  Taken together, our 

studies predict caveolins/rafts will regulate, differentially, signals from many GPCRs at the level 

of the G protein.    

There is also a complex relationship between Gαs, lipid rafts and the cytoskeleton that 

may be relevant to these data.  Gαs binds to tubulin (Wang et al., 1990; Yu et al., 2009) and this 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on August 20, 2009 as DOI: 10.1124/mol.109.060160

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


 

MOL #60160 

28

binding appears to involve the region (switch III) of Gαs that interacts with effectors such as 

adenylyl cyclase (Layden et al., 2008). Microtubule-disrupting drugs increase Gαs activation of 

AC (Rasenick et al., 1981) and this may be due to disruption of rafts/caveolae by these agents 

(Head et al., 2006).  Curiously, chronic treatment with antidepressants increases Gαs-AC 

coupling (Ozawa and Rasenick, 1989) and this is associated with diminished localization of Gαs 

in lipid rafts (Donati and Rasenick, 2005).  Finally, attenuated Gs/AC signaling in depression 

(Hines and Tabakoff, 2005) may be due to an increased proportion of Gαs being localized to 

lipid rafts in brain tissue collected from depressed suicide subjects (Donati et al., 2008).  Thus, 

the interface between Gαs, the cytoskeleton and lipid rafts may represent a regulatory domain for 

hormone- and neurotransmitter action with relevance for mood disorders and drug response and 

responsiveness. 

In summary, results from this study suggest that lipid rafts/caveolae and caveolins 

attenuate Gαs/AC signaling.  Stable caveolin knock-down or cyclodextrin treatments prevented 

agonist-induced internalization of Gαs and increased Gαs/AC signaling.  It is suggested that lipid 

rafts/caveolae are sites which remove Gαs from membrane signaling cascades and also might 

globally dampen cAMP signaling, leading to a link between plasma membrane heterogeneity and 

hormone or neurotransmitter action. 
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FIGURE LEGENDS 

 
FIG. 1.  Stable knock-down of caveolin-1 has no effect on the content of β-adrenergic-

related signaling molecules.  Total protein lysates from wild-type C6 or stable caveolin-1 

knock-down cells were analyzed by SDS/PAGE and immunoblotting to determine relative 

protein levels of caveolin-1, Gαs, β2AR, and adenylyl cyclase (AC) type VI.  A, 

Immunoreactivity from a representative immunoblot is shown, where the blot was stripped and 

reprobed sequentially for each protein.  B, Blots were quantified by scanning densitometry, data 

pooled from four independent experiments and are expressed as percent wild-type C6 cells  

(n=4). *, p<0.05 vs. WT C6. 

 

FIG. 2.  Caveolin knock-down decreases Gαs localization and adenylyl cyclase activity in 

lipid rafts/caveolae.   Membranes from wild-type C6 or stable caveolin-1 knock-down cells 
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(Cav-1 RNAi) were homogenized, incubated with 1% Triton X-100 followed by sucrose density 

gradient fractionation and immunoblotting for endogenous Gαs or caveloin-1.  A, Representative 

immunoblot of Gαs (top panel) or the same blot reprobed for caveoin-1 (bottom panel) in the ten 

fractions isolated from wild-type C6 cells where equal volumes were loaded  from each fraction.  

B, Representative immunoblots of Gαs (top panel) or caveolin-1 (bottom panel) in fractions 

obtained from stable caveolin knock-down cells where equal volumes were loaded from each 

fraction.  C, Bouyant sucrose fractions 3, 4 and 5 enriched in caveolin (BF), as well as the heavy 

sucrose fraction number 10 (HF) were isolated, and equal protein concentrations from the 

fractions were loaded and analyzed by immunoblotting for Gαs (top panel) or caveolin-1 (lower 

panel).  D, Quantification of Gαs immunoreactivity in the sucrose heavy fraction or buoyant 

fractions.  Blots were quantified by scanning densitometry, data pooled from three independent 

experiments and are expressed as percent wild-type C6 cells  (n=3).  *p<0.05 versus wild-type 

C6 cells.  E, 50μl of each isolated fraction was incubated in an adenylyl cyclase reaction mix 

containing 50μM forskolin and 32P-ATP.  32P-cAMP was isolated and total pmol cAMP formed 

in each fraction was determined through scintillation counting.  These values were converted to 

percent total aggregate activity of adenylyl cyclase present in each isolated fraction.  Data 

presented are representative of similar results from two independent experiments. 

  

FIG. 3.  Disruption of lipid rafts/caveolae with cyclodextrin or caveolin knock-down 

increases βAR and TSHR-stimulated cAMP accumulation.  Wild-type C6 cells were 

incubated with [2,8-3H]-adenine for 18 h to label cellular ATP.  A, Cells were treated initially 

with +/- 10mM methyl-β-cyclodextrin (CD) for 30 min. to disrupt lipid rafts/caveolae, or with 

CD followed by CD-cholesterol complexes (CD+CHOL) for 90 min. to restore cholesterol to the 
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cells.  Intact cells were subsequently treated with 10μM isoproterenol (ISO) for 30 min. and [2,8-

3H]-cAMP accumulation was determined.  Data presented are the means ± S.E.M. from six 

independent experiments performed in triplicate (n=6).  *p<0.05 versus ISO treated cells.  B, 

Wild-type C6 cells or caveolin-1 stable knock-down cells (CAV-1 RNAi) were incubated with 

[2,8-3H]-adenine for 18 h to label cellular ATP.  Intact cells were treated with increasing 

concentrations of ISO for 30 min. and [2,8-3H]-cAMP accumulation was determined. Data are 

the means ± S.E.M. from a single dose response experiment performed in triplicate with similar 

results observed in three independent experiments.  C, Wild-type C6 cells or CAV-1 RNAi cells 

were transiently transfected with human thyroid stimulating hormone (TSH) receptor and 24 h 

later were incubated with [2,8-3H]-adenine for 18 h to radioactively label cellular ATP.  Intact 

cells were treated with increasing concentrations of TSH for 30 min. and [2,8-3H]-cAMP 

accumulation was determined.  Data are the means ± S.E.M. from three independent 

experiments.   *p<0.05 versus WT C6 cells for each treatment group 

 

FIG. 4.  Caveolin knock-down increases forskolin- and fluoride-stimulated Gαs/adenylyl 

cyclase signaling.  A, Wild-type C6 cells (WT C6) or caveolin-1 stable knock-down cells (CAV-

1 RNAi) were incubated with [2,8-3H]-adenine for 18 h to label cellular ATP.  Intact cells were 

treated with +/- 10μM isoproterenol (ISO) or 100μM forskolin for 30 min and [2,8-3H]-cAMP 

accumulation was determined.  Data presented are the means ± S.E.M. from six independent 

experiments performed in triplicate (n=6).  *p<0.05 versus WT C6 cells for each treatment 

group.  B,  Adenylyl cyclase activity was determined in cell membranes isolated from WT C6 or 

CAV-1 RNAi cells.  Membranes were incubated with +/- 50μM forskolin for 20 min.  32P-cAMP 

was isolated and determined by scintillation counting, normalized to time and mg of membrane 
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protein.  Data presented are the means ± S.E.M. from a single experiment performed in triplicate 

and are representative of similar results observed in three independent experiments.  C, Adenylyl 

cyclase activity was determined in cell membranes isolated from WT C6 or CAV-1 RNAi cells.  

Membranes were incubated for 20 min. with a reaction mixture including 32P-ATP and +/-10mM 

sodium fluoride/20μM aluminum chloride.  32P-cAMP was isolated and determined by 

scintillation counting, normalized to time and mg of membrane protein.  Data presented are the 

means ± S.E.M. from an experiment performed in triplicate and is representative of similar 

results observed in four independent experiments. 

 

FIG. 5.  Increased cAMP accumulation due to caveolin knock-down is cholesterol and Gαi 

independent.  A, Analysis of cholesterol content in wild-type C6 cells (WT C6) or caveolin-1 

stable knock-down cells (CAV-1 RNAi).  WT C6 cells were treated with +/- 10mM methyl-β-

cyclodextrin for 30 min.  Total cell lysates or membranes from cells were analyzed for 

cholesterol content.  Data presented are the means ± S.E.M. from three independent experiments 

(n=3).  a, p<0.05 versus total cholesterol in WT C6 cells; b, *p<0.05 versus membrane 

cholesterol in WT C6 cells.  B, Effects of adding exogenous cholesterol on isoproterenol-

stimulated cAMP accumulation.  Cells were incubated with [2,8-3H]-adenine for 18 h to label 

cellular ATP and subsequently treated with +/- 10, 100 or 1000 μg/ml cholesterol (CHOL) for 2 

h.  Intact cells were subsequently treated with +/- 10μM isoproterenol (ISO) for 30 min. and 

[2,8-3H]-cAMP accumulation was determined.  Data presented are the means ± S.E.M. from 

three independent experiments performed in triplicate.  a, *p<0.05 versus ISO treated CAV-1 

RNAi cells;  b, p<0.05 versus ISO treated WT C6 cells.  C, Increased cAMP accumulation due to 

caveolin knock-down is independent of Gαi coupling. Cells were incubated with [2,8-3H]-
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adenine for 18 h to label cellular ATP.  During this incubation, cells were also treated with 10, 

50 or 100 ng/ml pertussis toxin (PTX) which prevents Gαi subunits from coupling to the βAR.  

Intact cells were subsequently exposed to +/-10μM ISO for 30 min. and [2,8-3H]-cAMP 

accumulation was determined.  Data presented are the means ± S.E.M. from three independent 

experiments.  *p<0.05 versus WT C6 cells in each treatment group.   

 

FIG. 6.  Agonist-induced Gαs internalization requires lipid microdomains and caveolin-1.  

C6 glioma cells were transiently transfected with Gαs-GFP and trafficking was assessed using 

digital fluorescence microscopy.  Living cells were imaged in real-time and individual frames are 

shown prior to and after 10µM isoproterenol (ISO) treatment.  A & B, Gαs-GFP localization in 

wild-type C6 cells prior to agonist treatment (A) or after 20 min. of isoproterenol stimulation 

(B).  C, D and E, Wild-type C6 cells expressing Gαs-GFP were pre-incubated with 10mM 

methyl-β-cyclodextrin (CD) for 30 min. and imaged (C), and cells were subsequently treated 

with isoproterenol for 30 min. (D).  These cells were washed and incubated for 90 minutes with 

cyclodextrin-cholesterol complexes (CHOL) to restore cellular cholesterol and then were treated 

again with isoproterenol for 30 min. (E).  F,G and H,  C6 cells in which caveolin-1 was stably 

knocked-down by RNAi were transfected with Gαs-GFP and imaged prior to agonist exposure 

(F) or after isoproterenol treatment at 15 min. (G) and 30 min. (H).  I, Gαs-GFP internalization in 

response to agonist was quantified by determining the mean fluorescence intensity in the 

cytoplasm of cells and is expressed as percent control.  Greater than 50 cells in each treatment 

group were quantified from six or more independent experiments (n=6). *, p<0.05 vs. CON. 

Scale bars equal 10µm in all panels.   
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FIG. 7. Caveolin-1 knock-out increases fluoride and forskolin-stimulated adenylyl cyclase 

activity in mouse striatum.   10 to 12 week old wildtype or caveolin-1 knock-out littermate 

mice were colony bred, brains obtained and striatum microdissected.  10µg of isolated striatum 

membranes were assayed for adenylyl cyclase activity.  A, Striatum membranes from wild-type 

or caveolin-1 knock-out mice were incubated for 20 min. with a reaction mixture including 32P-

ATP and +/-10mM sodium fluoride/20μM aluminum chloride.  32P-cAMP was isolated and 

determined by scintillation counting, normalized to time and mg of membrane protein.  B,  

Striatum membranes were incubated with +/- 100μM forskolin for 20 min.  32P-cAMP was 

isolated and determined by scintillation counting, normalized to time and mg of membrane 

protein.  Data are the means ± S.E.M. from four littermate mice pairs (n=4) assayed in triplicate.  

*p<0.05 versus wildtype mice for each treatment group. 
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