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 The organization of cellular membranes is largely de-
scribed by the classic fl uid mosaic model, which assumes 
that lipids in the bilayer are fl uid, with uninterrupted lat-
eral diffusion. However, this model can explain neither 
lateral segregation at cell activation sites ( 1 ) nor the vari-
ety of lipid species in cell membranes ( 2 ). Over the past 10 
years, the lipid raft hypothesis has changed the way cell 
biologists view lipids and membrane organization ( 3, 4 ). It 
defi nes lipid rafts as cholesterol- and sphingolipid-rich do-
mains within the cell membranes ( 5 ) that localize and 
concentrate raft-associated proteins to specifi c sites, in 
particular proteins with glycosyl phosphatidylinositol (GPI) 
anchors or pairs of closely spaced acyl chains ( 6 ). Due to 
the tight packing of lipids, particularly saturated fatty ac-
ids, in lipid raft domains, they are more ordered than their 
more fl uid surrounding membranes ( 7 ). Hence, these 
membrane domains constitute biophysically and biochem-
ically discrete platforms. The existence of specialized do-
mains in cell membranes has implications for fundamental 
cell function, such as signal transduction and protein sort-
ing processes ( 3 ), because domains that dynamically regu-
late the association and disassociation of proteins control 
protein targeting and signaling effi ciency ( 8 ). 

 The lipid raft hypothesis created excitement because it 
described lipid-based lateral segregation and elevated lip-
ids from simple building blocks to regulatory elements. 
However, it remains controversial ( 9, 10 ). Lipid rafts can 
be isolated based on their resistance to certain nonionic 
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cells were immortalized by continuous passage until growth rates 
in culture resumed the rapid rates seen in early passages. MEFs 
were cultured in DMEM supplemented with 10% (v/v) FCS, 2 
mM  L -glutamine, 100 units/l penicillin, and 100 µg/l streptomy-
cin at 37°C in 5% CO 2 . MEFs were transfected with plasmids en-
coding WT Cav1 or Y14F Cav1 using MEF2 solution combined 
with the T20 program of the Amaxa system. BSA (essentially fatty 
acid free), Dulbecco’s PBS, chloramphenicol, cholesterol, and 
cholestenone were purchased from Sigma-Aldrich (Castle Hill, 
Australia). [ 3 H]cholesterol (48.0 Ci/mmol) and [methyl- 14 C] 
choline chloride (55.0 mCi/mmol) were from Amersham (GE 
Healthcare, Rydalmere, Australia), and [1- 14 C]acetic acid (45 
mCi/mmol) was from Perkin-Elmer. Complete TM  protease in-
hibitor cocktail was from Roche (1 tablet/50 ml). 

 Cell homogenation 
 Cells were homogenized in 0.25 M sucrose in 20 mM HEPES 

buffer containing 0.5 mM EDTA using a ball homogenizer. Unbro-
ken cells and nuclei were removed by centrifugation. Protein con-
tent of cell homogenate was determined by BCA protein assay. 

 Cholesterol analysis 
 Cell homogenates were extracted with hexane/methanol and 

cholesterol and cholesterol esters analyzed by reverse-phase 
HPLC as described previously ( 28 ). 

 Lipid extraction 
 An aliquot of homogenate containing 100  � g of protein was 

taken and the lipids extracted by standard methods ( 29 ) with 
slight modifi cations as described recently ( 30 ). Prior to extrac-
tion, 50  � l of an internal standard mixture containing 20 µM 
each of 1,2-dinonadecanoyl- sn -glycerol-3-phosphocholine (PC19:0/
19:0), 1,2-diheptadecanoyl- sn -glycerol-3-phosphoethanolamine 
(PE17:0/17:0), 1,2-diheptadecanoyl- sn -glycerol-3-phosphoserine 
(PS17:0/17:0), 1,2-diheptadecanoyl- sn -glycerol-3-phosphoglycerol 
(PG17:0/17:0), 1,2-diheptadecanoyl- sn -glycerol-3-phosphate 
(PA17:0/17:0), and  N -lauroyl- D - erythro -sphingosylphosphorylcho-
line (SM 12:0) (Avanti Polar Lipids, Alabaster, AL) was added to 
the homogenate. Extracts were dried under nitrogen, reconsti-
tuted in methanol:cholorofrom (2:1, v/v), and stored at  � 80°C 
until analysis by ESI-MS. 

 Mass spectrometry 
 Mass spectrometry (MS) was performed on a QSTAR Pulsar i 

quadrupole time-of-fl ight mass spectrometer (MDS Sciex, Con-
cord, Canada) equipped with a nanospray ion source (Proxeon, 
San Mateo, CA). Before MS analysis, all samples were diluted in 
methanol:chloroform (2:1, v/v) containing 5 mM (fi nal concen-
tration) ammonium acetate. SM was analyzed in positive-ion 
mode using a precursor ion scan for phosphocholine ( m/z  
184.15), while glycerolphospholipids were detected in negative 
ion mode by multiple precursor ion scanning of fatty acid car-
boxylate ions and phosphate head group fragmentation ( 31 ). 
Ion spray voltage was set to 750 and 800 V for positive and nega-
tive ion analyses, respectively. For phosphatidylcholine (PC) 
scanning, collision energy was set to 37 eV and the scanning qua-
drupole (Q1) scanned 20 times from  m/z  450 to 820 with a step 
size of 0.2 Da and a dwell time of 30 ms. For FA scanning, precur-
sor ion spectra were simultaneously acquired for 30–50 FA an-
ions, containing 12–22 carbon atoms and 0–6 double bonds. 
Collision energy was set at 40 eV and Q1 scanned 20 times from 
 m/z  450 to 920 with a step size and dwell time identical to that for 
phosphocholine scanning. For both scan types, Q1 was set at unit 
resolution and fragment ions selected within an  m/z  window of 
0.15 Da. Peak enhancement, i.e., trapping of target fragment 

detergents as detergent-resistant membranes (DRMs) or 
on their relatively low density as the light membrane sub-
fraction obtained after mechanical disruption of cell mem-
branes ( 11 ). A concern about the use of detergents for raft 
isolation is based on the observation that detergents can 
scramble lipids and thus artifi cially induce membrane do-
mains ( 11–13 ). Detergent-free isolation procedures, how-
ever, yield similar domains as DRMs and, additionally, 
resemble ordered rafts domains in intact cells ( 11 ), sug-
gesting a general similarity between preexisting domains 
and isolated DRMs or nondetergent raft domains (NDRs). 
Nevertheless, it is the current consensus that DRMs do not 
refl ect lipid rafts in cell membrane ( 14 ) but are a useful 
tool to generally describe biochemical differences between 
cell types and identifying protein modifi cations that are 
raft-favoring ( 6 ). 

 Caveolae are regarded as a subtype of lipid rafts that are 
characterized by  � 50–80 nm uncoated invaginations of 
the plasma membrane ( 15 ). Caveolae were fi rst discovered 
morphologically before the molecular identity was de-
scribed by the discovery of caveolins in 1992 ( 16 ). It is now 
known that caveolin-1 (Cav1) expression in mammalian 
cells drives the formation of caveolae ( 17, 18 ). It was also 
shown that caveolins are associated with DRMs in epithe-
lial cells ( 19 ). In fact, in all cell types tested, Cav1 is pre-
dominantly associated with DRMs or light membrane 
fractions ( 20 ). Caveolae associate with specifi c lipids, and 
Cav1 itself binds cholesterol with high affi nity ( 21 ). With 
approximately 144 molecules of caveolin per caveola ( 22 ) 
and 20,000 molecules of cholesterol in addition to glycol-
sphingolipids (such as GM1) and sphingomyelin (SM), 
the density of lipids in caveolae was found to be higher in 
immuno-isolated caveolae than the surrounding plasma 
membrane ( 15 ). Cells that do not exhibit morphologically 
identifi able caveolae nevertheless yield DRMs ( 23, 24 ) and 
NDR ( 11 ). It has previously been suggested that cholesterol 
oxidase (CO) preferentially oxidizes cholesterol in caveolae, 
making it the simplest approach to discriminate between 
caveolae cholesterol and noncaveolar raft cholesterol ( 25 ). 

 Cav1 expression is essential for the formation of caveo-
lae, and cells from Cav1-defi cient (Cav1  � / �  ) mice show a 
complete lack of morphologically identifi able caveolae 
( 18, 26 ). The effects of Cav1 ablation on plasma mem-
brane lipid raft composition and distribution, however, is 
not well understood. Previous studies indicated that the 
distribution of proteins normally associated with lipid rafts 
is unaffected by loss of Cav1 expression ( 27 ), suggesting 
either that preexisting lipid raft domains are not depen-
dent on Cav1 expression or that caveolae represent only a 
small proportion of total raft domains. Therefore, we com-
pared lipid raft domains in wild-type (WT) and Cav1  � / �   
mouse embryonic fi broblasts (MEFs). 

  MATERIALS AND METHODS  

 Cells and reagents 
 MEFs were prepared from 13.5 post-coitum embryos obtained   

by homozygous crossings of Cav1  � / �   mice or WT mice ( 26 ). MEF 
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v/v/vol) or  n -hexane/ether/acetic acid (60:40:1, v/v/v), respec-
tively. The areas of the plates containing PC, SM, lysophosphatidyl-
choline, cholesterol, and   cholesterol esters were scraped into vials, 
and radioactivity was determined by scintillation counting. 

 Immunoblotting 
 After detergent extraction and fl otation, equal aliquots (20 µl) 

of the optiprep gradient fractions were run on 12.5% SDS-PAGE 
gel, blotted and probed with various antibodies described in the 
fi gure legends. Primary antibody detection was performed using 
appropriate peroxidase-conjugated IgGs, and protein signals 
were visualized using enhanced chemiluminescence by exposure 
to Kodak autoradiographic fi lm. Where cell homogenates were 
used, equal amounts of protein were loaded onto the gels. The 
Src-like kinase YES and caveolin-2 antibodies were from Trans-
duction Laboratories. The polyclonal caveolin-1 antibody was 
from Santa Cruz Biotechnology (Santa Cruz, CA)  . 

 Laurdan microscopy 
 Cells labeled with Laurdan (Molecular Probes) were imaged 

and analyzed as previously described ( 34–36 ). In brief, labeled 
cells were fi xed and images obtained close to the coverslip with a 
Leica DM IRE2 microscope. Laurdan was excited at 800 nm and 
emission intensities simultaneously recorded in the ranges of 
400–460 nm and 470–530 nm. Intensity images were converted 
into generalized polarization (GP) images (WiT software) with 
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 GP distributions were obtained by fi tting two Gaussian popula-
tions to normalized histograms of GP images using the nonlinear 
fi tting algorithm solver in Microsoft Excel. Microscope calibra-
tions were carried out as previously described ( 34, 36 ). 

  RESULTS  

 Lipid composition of WT and Cav1  � / �   MEFs 
 Lipid rafts are defi ned as cholesterol- and sphingolipid-

rich domains ( 5 ), and manipulations of cholesterol or SM 
levels have previously been used to identify raft function 
( 9 ). It has been shown that the abundance of specifi c lipid 
species critically infl uences the yield of DRMs ( 20 ) and 
NDR ( 11 ). Hence, we conducted a complete lipid analysis 
quantifying cholesterol by reverse-phase HPLC and PLs by 
ESI-MS and compared lipid levels between WT and 
Cav1  � / �   MEF with nonpaired  t -tests. 

 We used mouse embryonic fi broblasts from WT and 
Cav1  � / �   mice throughout these studies. The genetic de-
pletion of Cav1 results in no detectable Cav1 protein ex-
pression (  Fig. 1A  )  or caveolae on the cell surface (data not 
shown). In addition, Cav2 expression in Cav1  � / �   MEF was 
reduced to  � 13% of the levels in WT MEFs ( Fig. 1B ). 
While Cav2 defi ciency alone is insuffi cient to reduce cave-
olae on the cell surface ( 37 ), Cav2 expression can rescue 
caveolae formation in Cav1  � / �   membranes ( 38 ). Hence, 
the decreased expression of Cav2 in Cav1  � / �   MEF is fortu-
itous and necessary to assess caveolin and caveolae-
dependent membrane domains. 

 We found no signifi cant difference in total and free 
cholesterol levels between Cav1  � / �   and WT MEF (  Fig. 2A  ; 

ions, was applied according to the manufacturer’s specifi cations 
( 32 ). All spectra were interpreted using a prototype of LipidPro-
fi ler™ software (MDS Sciex, Concord, Canada) ( 33 ). Individual 
molecules were quantifi ed by comparison to the internal stan-
dard with the same head group, after correction for isotope con-
tributions, as recently described ( 33 ). 

 Cholesterol oxidase (CO) treatment 
 MEFs were seeded into 10 cm tissue culture plates and main-

tained in DMEM with 10% FCS, 2 mM  L -glutamine, and antibiot-
ics until near confl uency 3 days later. MEFs were then incubated 
overnight in DMEM with 10% delipidated-FCS and 10 µCi [ 14 C]
acetate per 10 cm dish. Cells were then washed once in PBS and 
incubated with CO (Nocardia erythropolis from Boehringer 
Mannheim) at 0.5 U/ml at 37°C in fresh medium without serum. 
Lipids were extracted according to Bligh and Dyer, as previously 
described ( 11 ). Dried lipids were resuspended in 30 µl chloro-
form/methanol (2:1), and  14 C-lipids were resolved on silica high-
performance TLC plates using the solvent system of hexane/
ethyl ether/acetic acid (80:20:1). Pure cholesterol and pure 
cholestenone were used as standards on the TLC plate. Lipids 
were visualized by charring with sulfuric acid-dichromate and 
heating at 180°C for 10 min. The appropriate spots (correspond-
ing to cholesterol and cholestenone, respectively) were scrapped 
and the amount of radiation quantifi ed by liquid scintillation 
counting. 

 DRM extraction and NDR isolation 
 Detergent extraction and fl otation were achieved as described 

previously ( 20 ). Briefl y, cells ( ≈ 1 mg protein/culture dish) were 
washed twice with TNE (100 mM Tris, pH 7.4, 150 mM NaCl, and 
0.2 mM EGTA) and resuspended in 350 µl TNE/antiproteases and 
homogenized. Samples were extracted with 50 µl of Triton X-100 
(Perbio, ThermoFisher Scientifi c, Suwanee, GA) for 30 min on ice 
(detergent:protein, 5:1) and adjusted to 40% iodixanol with 800 µl 
of Optiprep (Nycomed Pharma, Nycomed International GmbH, 
Zurich, Switzerland), transferred into SW60 centrifuge tubes, and 
overlaid with 2.5 ml of 30% iodixanol/TNE and 0.3 ml TNE and 
then centrifuged at 40,000 rpm for 4 h. Eight fractions of 500 µl 
were collected from the top of the gradient. 

 For the isolation NDRs, whole cell homogenates (total volume 
1.2 ml) were sonicated for 4 × 30 s with a 3 mm titanium probe 
(frequency 23 kHz, amplitude 30 microns) and placed on ice 
( 11 ). Samples were then adjusted to a fi nal concentration of 45% 
(w/v) sucrose by mixing with an equal volume of 90% (w/v) su-
crose in MBS (25 mM MES, pH 6.5, and 150 mM NaCl). The 
mixture (2.0 ml) was overlaid with 2.5 ml of 35% (w/v) sucrose, 
2.5 ml of 30% (w/v) sucrose, 2.5 ml of 25% (w/v) sucrose, and 
2.5 ml of 5% (w/v) sucrose (all in MBS) ( 11 ). The sucrose gradi-
ent was spun at 40,000 rpm in a Beckman SW41 rotor for 16 h. 
Twelve fractions of 1.0 ml were collected from the top. For lipid 
analysis, fractions 2-5 and 8-11 were pooled. 

 Phospholipid and cholesterol synthesis 
 Cells were seeded in six-well plates and labeled with 3  � Ci/well 

[methyl- 14 C] choline chloride or 2  � Ci/well [1- 14 C] acetic acid for 
24 h at 37°C in DMEM with 10% FBS. Cells were washed and lysed, 
and phospholipids (PLs) were extracted using the Bligh and Dyer 
method ( 11 ). Cholesterol and cholesterol esters were extracted 
from 2 ml of sample in the presence of 20% KOH in methanol 
(600 µL) by adding 2 ml of  n -hexane/ether mixture (1:1, v/v). 
The upper phase was collected and reextracted as before. PL and 
cholesterol extracts were separated by TLC with silica gel on poly-
ester plates (Sigma-Aldrich, Castle Hill, Australia) using a solvent 
system of chloroform/methanol/ammonium hydroxide (7:25:4 
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suggesting that the increase in relative SM levels in Cav1  � / �   
MEFs is not caused by preferential choline incorporation 
into SM. 

 Closer examination of the molecular PC species in 
Cav1  � / �   and WT MEFs showed that Cav1  � / �   MEFs had sig-
nifi cantly less PC mass than WT cells (  Fig. 3A  )  despite 
similar rates of PC synthesis ( Fig. 2E ). We thus compared 
PC levels in terms of molar ratios within each cell type. We 
identifi ed 24 different PC species in MEFs ( Fig. 3B ). A 
more detailed analysis of PC revealed a signifi cant ( P  < 
0.05) increase in monounsaturated PC and a signifi cant 
decrease in polyunsaturated PC in Cav1  � / �   compared with 
wild-type MEFs ( Fig. 3C ). In addition, there was a shift to 
shorter acyl chains in PC species found in Cav1  � / �   MEF, 
with PC species having 32 carbon atoms or less being sig-
nifi cantly higher and PC species having 36 carbon atoms 
or more being signifi cantly lower in Cav1  � / �   MEFs versus 
WT MEFs ( Fig. 3D ). In summary, Cav1 expression infl u-
ences the degree of saturation and carbon chain length in 
PC. 

 When analyzing SM by scanning for precursors of PC in 
a total lipid extract (see Methods and Methods) the spec-
tra are dominated by PC (see supplementary Fig. IA). As a 
consequence, many of the low-abundance SM molecules 
are obscured by isotopes of PC. In order to obtain a more 
complete analysis of SM, hydrolysis of glycerophospho-
lipid fatty acyl esters was promoted by the addition of 
sodium hydroxide (0.7 M fi nal concentration) to the ho-
mogenate prior to lipid extraction. Under these condi-
tions, due to their amide linkage, SMs maintain their mo-
lecular integrity, resulting in a signifi cantly improved 
detection (see supplementary Fig. IB). A similar, yet more 
complex, approach for the analysis of low-abundance 
sphingolipids has been described recently ( 41 ). 

 Because relative levels of SM were signifi cantly higher in 
Cav1  � / �   MEFs, we analyzed SM species in more detail (  Fig. 
4B  ).  Similarly to PC, absolute levels of SM were lower in 
Cav1  � / �   MEFs than WT MEFs ( Fig. 4A ). Furthermore, we 
found a similar trend in the degree of SM saturation as in 
PC: saturated SM levels are higher, while unsaturated lev-
els are lower in Cav1  � / �   MEFs compared with WT MEFs 
( Fig. 4C ). In contrast, the trend toward shorter fatty acid 
chains in PC in Cav1  � / �   MEF was reversed with SM species 
with 16 carbon atoms being signifi cantly lower and SM 
species with 20–23 carbon atoms being signifi cantly higher 
in Cav1  � / �   MEF compared with Cav1-expressing MEFs 
( Fig. 4D ). Given the relatively small contribution of SM to 
total PL levels, we found a trend toward shorter fatty acid 
chains and higher levels of saturation and monounsatura-
tion in Cav1  � / �   cells when fatty acid chains from all PLs 
species are examined together (data not shown). 

 The molecular identify of the minor PLs is presented in 
the supplementary material: phosphatidylethanonamine 
(supplementary Fig. IIA), phosphatidylglycerol (supple-
mentary Fig. IIB), phosphatidylserine (supplementary Fig. 
IIC), phosphatidic acid (supplementary Fig. VD), and 
phosphatidylinositol (supplementary Fig. IIE). 

 In summary, we found similar levels of membrane cho-
lesterol between the two cell types but higher relative SM 

 P  > 0.05).  This suggests that membrane cholesterol levels 
are similar in both cell types despite a signifi cant reduc-
tion in cholesterol synthesis in Cav1  � / �   MEF (data not 
shown). In Cav1  � / �   MEF, a signifi cantly higher propor-
tion of cholesterol is present as cholesterol esters com-
pared with WT MEFs ( Fig. 2B ;  P  < 0.05). In summary, Cav1 
expression in MEFs alters the balance between free and 
esterifi ed cholesterol, although the total cholesterol levels 
were not signifi cantly different. A previous report sug-
gested that Cav1 plays a role in regulating intracellular 
cholesterol because free cholesterol levels decreased and 
esterifi ed cholesterol increased in Cav1  � / �   compared with 
WT MEFs ( 39 ). 

 We next analyzed PLs by ESI-MS and compared PL sub-
classes between Cav1  � / �   and WT MEF ( Fig. 2C ). PC was 
the main PL class, comprising  � 70% of total PLs in both 
cell types ( Fig. 2C ). SM was the only PL class whose relative 
abundance was signifi cantly different ( P  < 0.05), with 
higher levels in cells that lacked Cav1 expression. In con-
trast, expression of Cav1 in a human epidermal carcinoma 
cell did not result in a change in PL classes ( 24 ), indicat-
ing that induced expression and endogenous expression 
of Cav1 may have a differential effect on cell lipid profi les. 
We detected signifi cant levels of PL ethers only in PC ( Fig. 
2D ), but these were not signifi cantly different between the 
two cell types. A previous report implicated plasmalogens 
in membrane traffi cking and domain formation, includ-
ing caveolae ( 40 ). Hence, any differences in membrane 
domains between Cav1  � / �   and WT MEF is probably not 
caused by plasmalogens. We further assessed PL synthesis 
in MEFs by measuring incorporation of  14 C-choline over a 
24 h period. As can be seen from  Fig. 2E , PC and SM syn-
thesis is comparable between the two cell types ( P  > 0.05), 

  Fig. 1.  Caveolin expression in WT and Cav1  � / �   MEFs. A: Western 
blot of whole cell lysate from WT and Cav1  � / �   MEFs probed for 
Cav1 and Cav2. B: Relative Cav1 (closed bars) and Cav2 expression 
(open bars) in WT and Cav1  � / �   MEFs from three experiments, 
each with triplicate cell cultures.   
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  Fig. 2.  Cholesterol and PL content of WT and Cav1  � / �   MEFs. A, B: Unesterifi ed (free; A) and esterifi ed cholesterol (B) was analyzed by 
HPLC and normalized to cell protein. Values are mean and standard deviation of six samples each. Asterisk in B indicates a signifi cant dif-
ference of  P  < 0.05 between WT and Cav1  � / �   MEFs. C: Relative abundance of PLs in WT (closed bars) and Cav1  � / �   (open bars) MEFs. Cells 
were homogenates, lipids extracted and analyzed by mass spectrometry as described in Materials and Methods. Total PL mass was 333 ± 27 
nmol/mg cell protein and 199 ± 36 nmol/mg in WT and Cav1  � / �   MEFs, respectively. D: Relative levels of PC esters in WT (closed bars) and 
Cav1  � / �   (open bars) MEFs. E: PL synthesis in WT (closed bars) and Cav1  � / �   (open bars) MEFs is measured by incorporation of  14 C-choline 
over a 24 h period. Radioactivity (CPM) is normalized to cell protein. A–E: Asterisks indicate a signifi cant difference between WT and 
Cav1  � / �   MEFs of  P  < 0.05. Data are presented as mean + SE (n = 4).   
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  Fig. 3.   PC content of WT and Cav1  � / �   MEFs. A: Levels of PC normalized to cell protein in WT (closed bars) and Cav1  � / �   (open bars) 
MEFs. B: Relative levels of individual PC species found in WT (closed bars) and Cav1  � / �   (open bars) MEFs. C: Number of double bonds 
per PC molecule in WT (closed bars) and Cav1  � / �   (open bars) MEFs. D: Acyl chain length in PC in WT (closed bars) and Cav1  � / �   (open 
bars) MEFs. Asterisks in A, C, and D indicate a signifi cant difference between WT and Cav1  � / �   MEFs of  P  < 0.05. Data are presented as 
mean + SE (n = 4).   

levels and greater PL saturation in MEFs that lack Cav1 as 
well as differences in fatty acyl chain length within indi-
vidual PLs species. Hence, in the following experiments, 
we used cholesterol to measure the lipid abundance in iso-
lated lipid rafts. 

 Effects of Cav1 expression on biochemical lipid 
raft isolation 

 We next compared the composition of isolated lipid raft 
domains in WT and Cav1  � / �   MEFs. To which extent these 
isolated lipid rafts refl ect raft domains in intact cells is a 
matter of intense debate ( 9 ). Nevertheless, these assays 
have been useful tools to assess the biochemical differ-
ences between two cell types ( 20 ). Here, we treated cell 
membranes with cold detergent ( 20 ), CO ( 25 ), or sonica-
tion followed by separation of lipid rafts and nonraft mem-
branes by density-gradient centrifugation ( 11 ). Cav1, Cav2, 
and the GPI-anchored protein YES were used to track ca-
veolae/lipid raft domains in WT and Cav1  � / �   cells. 

 DRMs were prepared by treating whole cell homoge-
nates with 1% Triton X-100 as described in Materials and 
Methods (supplementary Fig. IIIA). As expected, Cav1, 
Cav2, and YES were predominantly located in the light 
DRM fractions ( 1–3 ) in WT MEFs, while the nonraft 
marker transferrin receptor was present only in denser 

non-DRM fractions ( 6–8 ; data not shown). As shown previ-
ously, we found that Cav1  � / �   MEFs express no Cav1 pro-
tein (data not shown) and also strongly reduced levels of 
Cav2, which is located predominantly in nonraft fractions 
( 18, 39 ). YES was still recovered in buoyant DRM fractions 
in Cav1  � / �   MEFs, indicating that they still contain intact 
lipid rafts. This is consistent with other studies that have 
detected normal distribution of other raft markers in 
membranes of Cav1-null cells ( 26, 27 ). 

 As the relative recovery of raft proteins in DRMs is not 
indicative of the overall abundance of DRMs, we also com-
pared the cholesterol distribution between DRM and non-
DRM fractions of WT and Cav1  � / �   MEFs (see supplementary 
Fig. IIIB). We found no differences in either total mem-
brane cholesterol content (data not shown) or in its distri-
bution between raft and nonraft domains (66.6 ± 0.6% in 
rafts in WT MEFs; 69.7 ± 2.5% in Cav1  � / �   MEFs;  P  > 0.05). 
This indicates that Cav1 expression does not signifi cantly 
control cholesterol distribution in DRMs, suggesting that 
Cav1 may associate with lipid raft domains in the plasma 
membrane rather than directly generate them. 

 The cell-impermeable enzyme, CO, converts cholesterol 
to cholestenone and is widely used to probe changes in 
plasma membrane cholesterol distribution. There are sev-
eral technical variations in the method that can lead to 
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([ 14 C]cholesterol;  Fig. 5B ) cholesterol. CO treatment sig-
nifi cantly lowered the proportion of labeled cholesterol 
recovered in DRM (Fraction 1,  Fig. 5B ) in both WT and 
Cav1  � / �   MEFs. The majority of [ 14 C]cholestenone accu-
mulated in the non-DRM fractions of WT and Cav1  � / �   
MEFs ( Fig. 5C ), and we observed no differences in choles-
tenone accumulation across the gradient between WT 
and Cav1  � / �   MEFs. Taken together, the data suggest that 
caveolae do not represent a specifi c or major site of action 
for CO. 

 We also examined the effect of CO exposure on the dis-
tribution of caveolins and GPI-anchored YES across DRM 
gradients ( Fig. 5D ). After CO treatment, Cav1 and YES 
were still predominately associated with DRMs in WT 
MEFs, although a minor shift to nonraft fractions was de-
tected, particularly of Cav2 in WT MEFs and YES in Cav1  � / �   
MEFs ( Fig. 5D  vs. supplementary Fig. IIIA). We conclude 
that CO does not specifi cally act on caveolar cholesterol, 
as Cav1  � / �   MEFs remain sensitive to its action. Neverthe-
less, CO treatment did modestly decrease DRM cholesterol 
and protein content in both WT and Cav1  � / �   cells. 

quantitative differences in the estimated size of the choles-
terol-oxidase sensitive pool ( 42, 43 ). Previously, it was re-
ported that a particular protocol, which avoids fi xation of 
the cells, preferentially oxidizes cholesterol present in ca-
veolae, causing Cav1 to relocate in the Golgi ( 25 ). This 
property has been used to study the role of caveolae in 
signal transduction processes and cholesterol transport, 
suggesting that Cav1 transports newly synthesized choles-
terol to the plasma membrane ( 44 ). We used the same 
conditions to measure the CO-sensitive cholesterol pools 
in WT and Cav1  � / �   MEFs (  Fig. 5  ).  Consistent with previ-
ous studies,  � 10% of cellular cholesterol was converted to 
cholestenone in WT cells ( Fig. 5A ). Furthermore, we ob-
served no signifi cant difference in CO-sensitive cholesterol 
between WT and Cav1  � / �   MEFs ( P  > 0.05). Because 
Cav1  � / �   MEFs lack caveolae, this result suggests that CO 
accessible cholesterol is not restricted to, or even predomi-
nantly in, caveolae. To further explore the location of CO-
sensitive cholesterol, DRMs were isolated from CO-treated 
WT and Cav1  � / �   cells. In each fraction, we measured CO-
sensitive ([ 14 C]cholestenone;  Fig. 5C ) and CO-insensitive 

  Fig. 4.   SM content of WT and Cav1  � / �   MEFs. A  : Levels of SM normalized to cell protein in WT (closed bars) and Cav1  � / �   (open bars) 
MEFs. B: Relative levels of individual SM species found in WT (closed bars) and Cav1  � / �   (open bars) MEFs. C: Number of double bonds 
per SM molecule in WT (closed bars) and Cav1  � / �   (open bars) MEFs. D: Acyl chain length in SM in WT (closed bars) and Cav1  � / �   (open 
bars) MEFs. Asterisks in A, C, and D indicate a signifi cant difference between WT and Cav1  � / �   MEFs of  P  < 0.05. Data are presented as 
mean + SE (n = 4).   



1616 Journal of Lipid Research Volume 50, 2009

  Fig. 5.  DRM isolation after CO treatment of WT and Cav1  � / �   MEFs. MEF cell homogenates prelabeled with [ 14 C]acetate were left un-
treated or incubated with 0.5 U/ml CO for 60 min at 37°C. DRM purifi cation was performed, and  14 C-cholesterol and  14 C-cholestenone 
were determined for each fraction. A: CO activity in total cell homogenates from treated WT and Cav1  � / �   MEFs. CO activity is expressed 
as a percentage of total [ 14 C]cholesterol. B: Distribution of CO-insensitive [ 14 C]cholesterol on DRM gradients for control (cells lefts un-
treated) and CO-treated cells for WT (top) and Cav1  � / �   (bottom) MEFs, respectively. Asterisk indicates a statistical signifi cant difference 
of  P  < 0.05 relative to control. C: Distribution of CO-sensitive [ 14 C]cholestenone on DRM gradients for WT and Cav1  � / �   MEFs. D: Twenty 
microliters of each fraction from WT and Cav1  � / �   MEFs treated with CO was analyzed by immunoblotting for YES, Cav1, and Cav2. The 
data shown in A–C are mean ± SD of three independent experiments.   
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MEFs vs. 71.4 ± 5.7% in WT MEFs;  y  axis in  Fig. 6B ). In 
contrast, the ordered membranes were relatively more 
fl uid and less abundant in Cav1  � / �   MEFs than WT MEFs 
( Fig. 6C ), suggesting that Cav1 does contribute to the lipid 
order of raft-like domains in adherent cells. To demon-
strate that the differences in membrane structure were di-
rectly related to Cav1 expression and function, Cav1  � / �   
MEFs were transfected with either WT Cav1 or with Y14F 
Cav1. Expressing WT Cav1 in Cav1  � / �   MEFs restored both 
order and relative surface coverage of ordered domains to 
WT levels. Mutating the only tyrosine phosphorylation site 
in Cav1 (Y14F Cav1) has no effect on caveolae formation 
but inhibits raft internalization ( 46 ) and decreases mem-
brane order at focal adhesions ( 34 ). Expression of Y14F 
Cav1 only partially rescued ordered domains when ex-
pressed in Cav1  � / �   MEF ( Fig. 6C ). WT Cav1 and Y14F 
Cav1 correspondingly decreased the proportion of fl uid 
domains in Cav1  � / �   MEF ( Fig. 6B ). Overall, the data sup-
port a contribution of Cav1 to the generation of ordered 
domains in adherent, intact cells. The differential effect of 
Cav1 expression on biochemically identifi ed domains and 
those observed by microscopy is an indication that cell ar-
chitecture plays a greater role in lipid raft abundance than 
subtle changes in lipid composition. 

  DISCUSSION  

 In this study, we assessed to what extent Cav1 expression 
contributes to the formation of biochemically identifi able 
rafts, such DRMs, NDRs, CO-sensitive domains, and physi-
cally ordered domains. Since Cav1 associates with specifi c 
membrane lipids and thus may be involved in lipid me-
tabolism ( 17 ), we started our study with a complete PL 
analysis of MEFs from WT or Cav1  � / �   animals. We found a 
higher proportion of SM and increased abundance of 
smaller, more saturated PLs in Cav1  � / �   cells but no differ-
ence in membrane-associated cholesterol. Our data con-
clude that Cav1 expression is not required for the targeting 
of cholesterol to DRMs, NDRs, or CO-sensitive domains, 
despite the contribution of Cav1 to ordered domains in 
adherent cells. In summary, our data suggest that Cav1 is 
involved in the organization of cell architecture-depen-
dent lipid rafts. 

 Genetic deletion of Cav1 increases the proportion of es-
terifi ed cholesterol without altering total cholesterol levels 
( 39, 47 ) and increases relative SM levels and the incorpo-
ration of saturated fatty acids into PLs. Ether PLs levels 
and the rate of PC and SM synthesis are not altered by ca-
veolin defi ciency. The mechanisms that regulate PL levels 
or the fatty acid incorporation into PLs are poorly under-
stood; thus, it is unclear precisely how Cav1 achieves such 
modulation in cellular lipid homeostasis. Similar effects 
were not observed when Cav1 expression was induced in a 
cell type that otherwise did not form caveolae ( 24 ), sug-
gesting that the role of Cav1 in lipid homeostasis in vivo is 
more complex than the formation of caveolae. Recently, it 
was reported that Cav  � / �   mice on a normal chow diet have 
increased saturated and monounsaturated cholesterol es-

 The use of detergents to isolate raft domains has been 
criticized, arising from concerns that detergents can artifi -
cially induce domains ( 11–13 ). This has led to the devel-
opment of other techniques to separate rafts that avoid 
the use of detergents ( 45 ). NDRs are prepared by sonica-
tion from cell homogenates or isolated plasma membranes 
followed by separation on a 5–45% sucrose density gradi-
ent, as previously characterized ( 11 ). We therefore also 
prepared NDR from WT and Cav1  � / �   MEFs (see supple-
mentary Fig. IV). WT MEFs contained 43.3 ± 2.0% of cho-
lesterol in NDR compared with 35.4 ± 5.3% in Cav1  � / �   
MEFs (mean ± SD of three separate experiments). Al-
though NDR cholesterol is consistently lower in Cav1  � / �   
MEFs, the difference between WT and Cav1  � / �   NDR cho-
lesterol was not statistically signifi cant ( P  > 0.05). Similarly, 
when isolated plasma membranes instead of whole cell ho-
mogenates were sonicated, we found no signifi cant differ-
ence between WT and Cav1  � / �   MEFs with respect to the 
cholesterol levels in the raft fractions (data not shown). In 
summary, we found no difference in cholesterol distribu-
tion between WT and Cav1  � / �   MEF DRMs, CO-sensitive 
domains, or NDR, suggesting that Cav1 does not control 
lipid distribution between raft and nonraft domains. 

 Effects of Cav1 expression on membrane structure in 
adherent cells 

 Biochemical assay may not refl ect preexisting rafts in in-
tact, adherent cells ( 6, 9, 14 ). Hence, we assessed the ef-
fect of Cav1 expression on the physical state of cell 
membranes in intact cells labeled with the fl uorescent 
probe Laurdan ( 36 ). The probe is sensitive to membrane 
structure, with its peak emission shifting from  � 500 nm in 
fl uid to  � 430 nm in ordered membrane. A normalized 
ratio of the two emission regions, defi ned as generalized 
polarization (GP), refl ects membrane order with +1 indi-
cating the most ordered and  � 1 the most fl uid mem-
branes. Recently, we showed that Cav1 is associated with 
ordered domains in WT MEFs, yielding a mean GP value 
of 0.382 ± 0.070 (from n = 27 images), while the nonraft 
marker, transferrin receptor, colocalizes with fl uid do-
mains (GP 0.165 ± 0.066, n = 13) ( 35 ). The subunit B of 
cholera toxin, which specifi cally binds to the ganglioside 
GM1 and is frequently used as a raft marker, also colocal-
ized to ordered domains in both WT and Cav1  � / �   cells 
(GP 0.434 ± 0.069, n = 11 WT MEFs; 0.442 ± 0.099, n = 10 
Cav1  � / �   MEFs). The similarity in subunit B of cholera 
toxin binding and association with domains of high order 
(GP) in both cell types suggests that noncaveolar raft do-
mains may be independent of Cav1 expression. 

 For a more general analysis of the effects of Cav1 on 
membrane structure, we compared the global GP distribu-
tion in MEFs, shown in   Fig. 6A    for WT MEFs. Two popula-
tions, fl uid (P f , dark gray) and ordered (P o , light gray), 
were identifi ed. Each population has a characteristic mean 
GP value and abundance (or coverage) that equate to the 
area under the curve ( 34 ). The mean GP values of fl uid 
membranes, P f , were similar in WT and Cav1  � / �   MEFs 
( Fig. 6B ), but in Cav1  � / �   cells covered a greater propor-
tion of the membrane surface (91.9 ± 3.7% in Cav1  � / �   
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more ordered and more abundant raft domains. It should 
be kept in mind, however, that the biochemical and mi-
croscopy analysis assess rafts in two different experimental 
systems. The microscopy images record the structure of 
the adherent plasma membrane adjacent to the substra-
tum, while in DRM and NDR assays, whole detached cells 
are fragmented containing both plasma membranes as 
well as intracellular membranes. We have previously shown 
that cell shape and integrin engagement signifi cantly con-
tribute to membrane order and, further, that Cav1 expres-
sion and phosphorylation regulate membrane order at 
focal adhesions ( 34 ). Hence, the microscopy analysis of 
membrane order also detects cell architecture-dependent 
membrane domains but is limited to the plasma mem-
brane, whereas DRM and NDR analysis suggest that there 
is per se no biochemical difference in cholesterol-enriched 
membrane domains between detached WT and Cav1  � / �   
cells. Taken together, it appears that Cav1 expression has 
little effect on the cholesterol distribution within mem-
branes but does contribute to anchorage-dependent mem-
brane order at the cell surface. 

 In this context, it is noteworthy that we found no differ-
ence in total cell cholesterol levels between the two cell 
types, while the proportional increase in SM or saturated 
PLs in Cav1-null cells does not contribute to higher choles-

ters in their circulating lipoproteins compared with their 
WT controls ( 48 ). Taken together, it appears that Cav1 
plays a role in maintaining the balance of saturated to un-
saturated lipids, but further studies are required to under-
stand the mechanism of this regulation. 

 The isolation and biochemical characterization of lipid 
rafts by detergent extraction (as DRMs) or sonication (as 
light membranes) have attracted criticism, as they may not 
refl ect rafts in intact cells ( 6, 9 ). We have recently shown 
that isolation protocols can be adjusted so that DRMs and 
light membranes can represent similar domains, which, in 
macrophages, have similar structural properties to those 
found in intact cells ( 11 ). Surprisingly, we found no differ-
ence in the cholesterol content of isolated lipid rafts from 
Cav1  � / �   and WT MEFs, suggesting that caveolar choles-
terol contributes a negligible or minor amount of choles-
terol to DRMs and light membranes, respectively, although 
Cav1 itself fractionated almost completely into DRMs. 
Taken alone, the biochemical data suggest that both cell 
types have the same amount of total raft lipids; when Cav1 
is present, it associates with raft fractions and generates 
caveolae, but Cav1 is not required for the formation of 
DRMs, NDRs, or CO-sensitive domains. In contrast, the 
data obtained by Laurdan microscopy in intact, adhered 
cells suggest otherwise, with Cav1 expression resulting in 

  Fig. 6.  Ordered and fl uid domains in WT and 
Cav1  � / �   MEFs. A: WT and Cav1  � / �   MEFs were la-
beled with the fl uorescent membrane dye Laurdan. 
Laurdan intensity was converted into the fl uidity in-
dex GP. GP values range from  � 1 (most fl uid) to + 1 
(most ordered). From the GP images, the GP distri-
bution (open diamond, shown for WT MEFs) is ob-
tained, which is fi tted to two Gaussian populations 
(line through data). Black vertical lines denote the 
centers of the fl uid population (P f ), and gray vertical 
lines denote the centers of the ordered populations 
(P o ). Center values and coverages (area under the 
curve for each population) are given for both popula-
tions. B, C: The mean GP value of fl uid (B) and or-
dered (C) membranes and their relative abundance 
(percentage of coverage) are shown. WT MEFs (dia-
mond), Cav1  � / �   MEFs (square), Cav1  � / �   MEFs trans-
fected with WT Cav1 (triangle), and Cav1  � / �   MEFs 
expressing mutant Y14FCav1 (circle) were analyzed. 
Error bars are SDs of three independent experiments 
with  � 25 cells per experiments.   
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terol levels in isolated raft domains. The inverse is observed 
when cholesterol or sphingomylin levels are manipulated 
acutely; treatment with cyclodextrin to remove membrane 
cholesterol lowers SM levels in DRMs and NDRs, while 
treatment of membranes with sphingomyelinase reduces 
DRM and NDR cholesterol ( 11, 20 ). One interesting hy-
pothesis is that the higher levels of SM and saturated PLs 
in Cav1  � / �   cells compensate for the loss of Cav1, resulting 
in the formation of noncaveolae raft domains that isolate 
as DRMs and NDRs. Whether subtle shifts in lipid profi le, 
such as changes in fatty acid chain length in specifi c PLs 
subclasses, affect raft formation in general will only be re-
solved when lipid profi les and raft abundance are com-
pared across cell types. 

 Our observation that Cav1  � / �   cells had identical levels 
of CO-sensitive cholesterol to WT cells refutes the previous 
suggestion that CO specifi cally targets caveolar-cholesterol 
( 25 ). Interestingly, CO-sensitive depletion of cholesterol 
was largely limited to DRM in both cell types, while the CO 
product (cholestenone) was recovered predominantly in 
detergent-soluble fractions. This could be explained if 
lipid rafts with their high substrate concentration are the 
main target for CO, but that the cholestenone generated 
redistributes to nonraft domains. The absence of the 3 � -
hydroxyl group in cholestenone may cause such redistri-
bution as it is important for the interaction with 
sphingolipids ( 49, 50 ). By visualizing CO action on lipid 
monolayers, Slotte ( 51 ) has not only shown that the oxida-
tion reaction converts the condensed phase (cholesterol-
rich phase) into an expanded phase (cholestenone-rich 
phase) but also located CO activity in the expanded phase 
or at the boundary between expanded and condensed 
phases. Furthermore, the catalytic rate of CO decreases 
with increasing membrane order of artifi cial lipid bilayers 
( 52 ). In agreement, we only observed a small shift of raft 
proteins toward the nonraft fractions after CO treatment, 
but not the complete disorganization of DRMs observed in 
other studies ( 53, 54 ) that used different CO treatment 
conditions and cell type ( 55 ). Overall, our and other data 
strongly suggest that CO activity is complex and not an ap-
propriate tool for simple characterization of caveolae. 

 In summary, we identifi ed that Cav1 does not contrib-
ute to DRMs and NDR but contributes to cell architecture-
dependent raft domains in adherent cells. Our complete 
lipid analysis of WT and Cav1  � / �   MEF further suggests 
that Cav1 plays a role in lipid homeostasis by regulating 
the balance in cholesterol esterifi cation and between satu-
rated and unsaturated fatty acids in PLs.  
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