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plex organ with a major role in regulation of organismal 
metabolism ( 3, 4 ). Different from many cell types, adipo-
cytes have adapted to store large amounts of lipid and ex-
perience substantial lipid fl ux as part of their differentiated 
function. This cell type expresses two proteins, caveolin-1 
(cav-1) and apolipoprotein (apo)E, at high levels that are 
likely important for this specialization. Cav-1 is a sterol-
binding integral membrane protein that is highly ex-
pressed in adipocytes and that specifi es the organization 
of the adipocyte plasma membrane into ultra-structurally 
distinct lipid-rich domains termed caveolae ( 5–8 ). It is 
been estimated that up to 30% of adipocyte plasma mem-
brane is found in caveolae. These structures serve an en-
docytic function and may be important for insulin signal 
transduction and Glut-4 translocation ( 5–12 ). A subset of 
caveolae in adipocytes has been shown to synthesize tri-
glyceride (TG) and to form lipid droplets, and caveolae 
are an important site of fatty acid internalization by adipo-
cytes ( 6, 13 ). Cav-1 knockout mice have decreased adipose 
tissue mass, small lipid-poor adipocytes, and are resistant 
to diet-induced obesity ( 10 ). At the same time, they have 
increased circulating lipids. These in vivo observations are 
consistent with an inability to accumulate adipose tissue 
lipid in cav-1 knockout mice. 

 ApoE is a phospholipid binding protein that is well 
characterized as a secreted protein from hepatocytes and 
macrophages and that has an important role in systemic 
lipoprotein metabolism and vessel wall homeostasis. Its 
high-level expression by adipocytes was demonstrated two 
decades ago ( 14 ). More recently, additional information 
regarding these issues has become available. Nutritional 
status, peptide hormones, liver X receptor agonists, and per-
oxisome   proliferator-activated receptor  g  agonists regulate 
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health problem that predisposes to metabolic and cardio-
vascular disease ( 1, 2 ). Recently, there has been increased 
attention focused on adipocytes and adipose tissue, and it 
has become clear that they constitute a metabolically com-
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Blendzyme 3 in DMEM in 10% FBS for 1 h at 37°C in a shaking 
water bath. Preadipocytes were isolated and differentiated in 
culture as previously described in detail ( 21 ). 3T3-L1 cells were 
maintained and differentiated in culture as previously described 
and were used for experiments between days 8 and 13 after com-
pletion of a 3 day incubation in differentiation medium. For re-
covery of mature adipocytes from freshly isolated adipose tissue, 
intra-abdominal fat pads were recovered from WT or EKO mice 
and digested as described above for rat fat pads. Mature adipo-
cytes were isolated in a fl oating fraction after fi ltering and cen-
trifugation of the digestate as previously described ( 21 ). 

 For experimental incubations, fully differentiated 3T3-L1 adi-
pocytes or primary adipocytes were washed once in serum-free 
medium and incubated in DMEM with 100 µM BSA for 2 h. The 
cells were then changed to this medium alone or with 10 µg/ml 
of cholesterol (CH) (dissolved in ethanol), 10 mM M b CD, or 250 
 m M of albumin-bound fatty acid (FFA:BSA molar ratio 2.5:1) for 
the times indicated in the fi gure legends. 

 Immunofl uorescence staining 
 Primary or 3T3-L1 adipocytes were cultured and differentiated 

as described above on chamber slides (Electron Microscopy Sci-
ences, Hatfi eld, PA), or glass coverslips. The slides were rinsed 
three times with PBS and fi xed for 15 min in freshly prepared 4% 
formaldehyde. Cells were then permeabilized with 0.1% Triton 
X-100 in PBS for 5 min at room temperature. The cells were ini-
tially blocked with Image-iT FX reagent for 30 min and then fur-
ther blocked with 3% BSA in PBS for 1 h at room temperature. 
The cells were then incubated with anti-cav-1 antibody (1:500 di-
lution) and/or anti-apoE monoclonal antibody (1:100 dilution  ) 
in blocking buffer for 1 h at room temperature. After multiple 
washes, the cells were incubated with Alexa Fluor 594 conjugated 
donkey anti-rat (1:400) and/or Alexa Fluor 488 conjugated don-
key anti-mouse (1:400) for 1 h. The slides were mounted with 
ProLong Gold antifade reagent and nuclei were stained with 
DAPI to be examined by confocal microscopy. 

 For some studies, endogenously synthesized apoE was de-
tected using an apoE-green fl uorescent protein (GFP) fusion 
protein. The apoE-GFP fusion construct was assembled using the 
pAcGFP1-N Infusion Ready Vector (Clontech, Mountain View, CA) 
according to the manufacturer’s instructions. The sequence of 
the construct was verifi ed by the University   of Illinois at Chicago 
DNA Sequencing Core facility. 3T3-L1 adipocytes grown on 
chamber slides were transiently transfected to express the apoE-
GFP plasmid using Lipofectamine 2000 according to the manu-
facturer’s instructions. After 48 h, the cells were fi xed and used 
for confocal microscopy, or fi xed and stained with anti-cav-1 for 
use in confocal microscopy. 

 Isolation of purifi ed plasma membrane sheets 
 3T3-L1 adipocytes grown on coverslips were serum-starved for 

2 h and then treated with 10 µg/ml CH or 10 µM M b CD for 50 
min. Plasma membrane sheets were prepared as described with 
some modifi cations ( 24 ). Briefl y, cells were washed twice with 
PBS, incubated in 0.5 mg/ml poly-L-lysine/PBS for 30 s, and then 
incubated for 20 s in hypotonic solution (solution A diluted 1:3, 
see below). The coverslips were then placed in solution A (7 mM 
KCL, 5 mM magnesium chloride, 3 mM EGTA, 30 mM HEPES, 
pH 7.5), and sonicated for 2 s with a Vibracell 3 mm microtip 
probe (power setting at 35%). The sheets on the coverslips were 
fi xed for 30 min in hypotonic buffer supplemented with 4% formal-
dehyde, washed in PBS, blocked and stained as described above. 

 Western blot 
 Cellular proteins for Western blot were solubilized in 1% Triton 

X-100 as previously described in detail ( 15 ). Protein concentration 

adipocyte apoE expression in vitro and in vivo ( 15–20 ). 
Further, an important role for endogenous adipocyte 
apoE in adipocyte lipid metabolism and gene expression 
has been demonstrated ( 21–23 ). Adipocytes freshly iso-
lated from apoE knockout (EKO) mice are small and lipid 
poor, and this phenotype is maintained after a 2 week in-
cubation in culture in the presence of apoE-containing li-
poproteins. Moreover, this phenotype can be reversed in 
cultured adipocytes by adenoviral-mediated expression of 
apoE ( 21 ). Even more importantly, after transplantation 
of EKO adipose tissue into wild-type (WT) recipients, EKO 
adipocytes remain smaller and lipid poor compared with 
adipocytes isolated from similarly transplanted WT adi-
pose tissue ( 22 ). Therefore, lack of endogenous apoE ex-
pression limits the ability of adipocytes to acquire lipid 
from circulating lipoproteins even in a WT in vivo environ-
ment and with WT levels of circulating apoE. Multiple 
changes in adipocyte gene and protein expression in EKO 
adipocytes have also been documented ( 21 ). One of the 
genes most affected in EKO adipocytes is cav-1. Cav-1 
mRNA levels are signifi cantly reduced in EKO adipocytes, 
and cav-1 protein expression is suppressed by 50% ( 21–
23 ). We have also documented a signifi cant defect in fatty 
acid internalization by EKO adipocytes ( 23 ). Provocatively, 
this defect can be corrected by increasing cav-1 expression 
using viral transduction in EKO adipocytes. 

 The above observations suggest a nonsecreted role for 
apoE as a constituent cellular protein in adipocytes, and 
further, suggest an important functional interaction be-
tween apoE and caveolin. In these studies, we evaluate 
these hypotheses and provide evidence that adipocyte 
apoE and caveolin share a common cellular destination at 
the adipocyte plasma membrane. 

 EXPERIMENTAL PROCEDURES 

 Materials 
 3T3-L1 cells were obtained from American Type Culture Col-

lection (Manassas, VA). Linoleic acid and HPTLC standards were 
purchased from Nu-Chek Prep (Elysian, MN). EGTA, poly-L-
lysine, and methyl- b -cyclodextrin (M b CD) were purchased from 
Sigma. Mouse monoclonal anti-human apoE antibodies were 
purchased from Abcam (Cambridge, MA). Rabbit anti-cav-1 anti-
body and ExactaCruz TM  C were from Santa Cruz Biotechnology 
(Santa Cruz, CA). Alexa Fluor 594 donkey anti-rabbit, Alexa 
Fluor 488 donkey anti-mouse conjugated secondary antibodies, 
Image-iT FX signal enhancer, and ProLong Gold antifade re-
agent were purchased from Invitrogen (Carlsbad, CA). Liberase 
Blendzyme 3 was purchased from Roche Applied Science (India-
napolis, IN). Dithiobis[succinimidyl propionate] (DSP) was from 
Thermo Scientifi c (Rockford, IL). Other materials were from 
previously described sources ( 15, 18–20, 23 ). 

 Cell isolation and culture 
 All animal protocols were approved by the Institutional Ani-

mal Care and Use Committee of the University of Illinois at 
Chicago. Male Sprague-Dawley rats weighing 250–275 g were from 
Charles River Laboratory. After euthanasia, intra-abdominal fat 
pads were removed and washed in sterile PBS. The fat pads were 
cut into 1–2 mm pieces and digested using 0.5 mg/ml Liberase 
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munoprecipitates to validate specifi city of results. After separa-
tion on SDS-PAGE, immunoprecipitated proteins were analyzed 
by Western blot for apoE and cav-1. 

 Lipid extraction and HPTLC 
 Mature fl oating adipocytes were recovered from WT or EKO 

adipose tissue as described above. Caveolar fractions were iso-
lated on discontinuous sucrose gradients and 100 µg of caveolar 
protein was used for lipid extraction in chloroform/methanol 
(2:1; v/v). The lipid extracts were dried and spotted on HPLTC 
plates (silica gel 60 F 254 , Merck, Rahway, NJ) The plates were fi rst 
developed in a solvent system of chloroform/methanol/acetic 
acid/water (50:37.5:3.5:2). This developing solution was replaced 
when the solvent front reached half way up the plate to hexane/
diethyl ether/acetic acid (80:20:1.5). The lipids were visualized 
using 10% phosphomolybdic acid in ethanol and heating for 5 
min at 110°C. Lipids were identifi ed using lipid standards, and 
lipid distribution in each lane was quantifi ed by densitometric 
analysis. The density values for a specifi c lipid species were aver-
aged across three different experiments and the mean density 
value for a specifi c lipid in the control fractions was assigned a 
value of 100. Density values from individual gels were then ex-
pressed relative to this to give rise to relative values for mean ± SD 
shown in  Fig. 6 . 

 ApoE-cav-1 binding assay 
 Binding of apoE to cav-1 was determined using a previously 

described approach ( 27 ). A putative aromatic amino acid en-
riched cav-1 binding domain in human apoE (CBDE, amino 
acids 41-60: GQRWELALGR FWDYLRWVQT), a biotin labeled 
CBDE (B-CBDE), and a mutant CBDE (CBDE-mut) in which all 
aromatic amino acids were changed to glycine, were synthesized 
by Biomatik Corp. (Ontario, Canada). 3T3-L1 adipocyte extracts 
were incubated in nondenaturing immunoprecipitation lysis 
buffer with protease inhibitor cocktail for 30 min. Cell extracts 
(20  m g protein) were incubated with B-CBDE (at the concentrations 
noted in the fi gure legends) for 90 min at 4°C. For competition 
assays, cell extracts were preincubated with the indicated concen-
tration of competitor (native or mutated CBDE) for 90 min, and 
then 1  m M of B-CBDE for an additional 90 min. After these incu-
bations, the biotin-labeled apoE complex was immobilized on 
NeutrAvidin beads (Pierce) during an incubation at room tem-
perature for 60 min with end-over-end mixing. After the beads 
were extensively washed, the biotin-labeled apoE complex was 
released from the beads in an elution buffer containing 2XSDS-
PAGE sample buffer with 50 mM DTT. This eluate was then used 
for Western blot and the amount of cav-1 bound to apoE was de-
tected using an antibody to cav-1. 

 RESULTS 

   Figure 1    shows a series of confocal images examining 
the cellular distribution of apoE and cav-1 employing dif-
ferent experimental models.  Figure 1A  uses primary cul-
tures of differentiated rat adipocytes incubated for 2 h in 
basal medium, or this medium plus 10  m g/ml CH before 
staining with apoE or cav-1 antibodies for confocal micros-
copy. Light images of the cells or cell clusters used for the 
immunofl uorescence studies are given in the right-hand 
column. In basal medium, apoE can be found at the cell 
surface but is predominantly localized around three large 
lipid droplets in the cytoplasmic space. Cav-1 is primarily 
localized on the plasma membrane. There is a small 

was measured by Bio-Rad DC Protein Assay. Equal amounts of 
protein were separated on 10-14%   SDS-PAGE gels and trans-
ferred to nitrocellulose membranes. After blocking and incuba-
tion with primary antibodies, nitrocellulose membranes were 
incubated with horseradish peroxidase-coupled donkey anti-
rabbit IgG, or donkey anti-goat IgG. The bands were detected 
and quantitated using chemiluminescence as described previously 
( 15 ).  b -actin was used as loading control for Western blots of to-
tal cell lysates. 

 Cav-1 knockdown 
 SureSilencing TM  mouse cav-1 short hairpin (sh)RNA   and control 

plasmids were purchased from SA Biosciences (Frederick, MD). 
The cav-1 shRNA4 (ACCAGAAGGGACACACAGTTT) was used for 
all knockdown experiments. 3T3-L1 adipocytes were transiently 
transfected with this construct using Lipofectamine following 
the manufacturer’s protocols. 

 Sodium carbonate extraction and sucrose gradient 
isolation of caveolae 

 The procedure to isolate adipocyte caveolae was based on the 
detergent-free protocol developed by Song et al. ( 25 ). Briefl y, 
after the treatments indicated in the fi gure legends, adipocytes 
were washed with ice cold PBS, scraped into 2 ml of 500 mM so-
dium bicarbonate (pH 11) with protease inhibitor cocktail. Cells 
were homogenized with 20 strokes in a dounce homogenizer 
and then sonicated with three 20 s bursts at 35% energy. Equal 
amounts of protein in each homogenate were adjusted to 45% 
sucrose by adding 90% sucrose in Tris buffer. Four milliliters of 
this solution was placed at the bottom of an ultracentrifuge tube, 
and overlaid with 4 ml of 35% sucrose and 4 ml of 5% sucrose in 
buffer containing 250 mM sodium bicarbonate, 150 mM sodium 
chloride, and 25 mM Tris. The gradient was spun at 39,000 rpm 
for 18 h in an SW41 rotor (Beckman Instruments, Palo Alto, CA). 
A light-scattering band confi ned to the 5% to 35% sucrose inter-
face was observed that contained plasma membrane caveolae, 
but excluded higher-density plasma membranes. Twelve frac-
tions (1 ml each) were collected from the top (lower density) of 
the tube. The light-scattering band was generally found in frac-
tions 3–5. Two hundred microliters of each fraction was precipi-
tated with 12.5% trichloroacetic acid and dissolved in 2× Laemmli 
SDS sample buffer to be used for Western blot as described 
above. 

 Coimmunoprecipitation 
 For nondenaturing immunoprecipitation, cell lysates were 

prepared in 50 mM Tris (pH 7.4), 150 mM NaCl, 0.25% sodium 
deoxycholate, 2 mM EDTA, and 1% Triton X-100. For denatur-
ing immunoprecipitations after cross-linking, cell lysates were 
prepared in 30 mM Tris (pH 7.4), 150 mM NaCl, 1% sodium 
deoxycholate, 2% SDS, and 1% Triton X-100. 

 Denaturing immunoprecipitations after cross-linking were 
performed as previously described in detail using a polyclonal 
antiserum to apoE or cav-1, except that reducing agent was omitted 
from the cell lysis buffer ( 26 ). Cross-linking was achieved using 
the cell permeant thiol cleavable homobifunctional cross-linker, 
DSP (1.2nM spacing arm), according to the manufacturer’s instruc-
tions. After immunoprecipitation, 5%  b  mercaptoethanol was 
included in the sample buffer to cleave the link between apoE 
and cross-linked proteins prior to separation on an SDS gel. 

 Nondenaturing immunoprecipitations were conducted in low-
detergent lysis buffers (above), using the ExactaCruz TM  C: SC 
45040 kit (Santa Cruz Biotechnologies, Inc., Santa Cruz, CA) ac-
cording to the manufacturer’s instructions. The primary anti-
body was goat polyclonal anti-apoE or rabbit polyclonal anti-cav1. 
Species-appropriate nonimmune serum was used in control im-
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Methods) after incubation of intact cells in basal medium 
or basal medium plus CH or plus M b CD. Incubation of 
intact 3T3-L1 cells with CH increases the amount of apoE 
and cav-1 detected in plasma membrane sheets and leads 
to substantial colocalization of apoE and cav-1. On the 
other hand, incubation with M b CD to remove plasma 
membrane CH reduces colocalization of apoE and cav-1 in 
plasma membrane sheets. 

 Immunofl uorescent staining and confocal microscopy 
( Fig. 1 ) demonstrate that apoE and cav-1 can be colocal-
ized to the plasma membrane, and that the degree of colo-
calization is sensitive to cellular CH fl ux.   Figure 2   examines 
colocalization of cav-1 and apoE using a coimmunopre-
cipitation experimental approach.  In  Fig. 2A , cells were 
incubated in basal medium (100  m M BSA) for 2 h prior to 
lysis. Lysates were used for immunoprecipitations contain-
ing nonimmune serum or polyclonal antisera to cav-1 as 
indicated. Where indicated, the reducible cell permeant 
cross-linker DSP was incubated with cells prior to lysis. The 
immunoisolated proteins were then utilized for Western 
blot of apoE and cav-1. Inclusion of nonimmune serum in 
the immunoprecipitation does not lead to detectable apoE 
or cav-1 in subsequent Western blot. Inclusion of anti-cav1 
antibody leads to detection of cav-1 in Western blot as well 
as a signal for apoE coimmunoprecipitated with cav-1. In-
clusion of the cross-linking reagent markedly increases the 
amount of apoE that can be coimmunoprecipitated using 

amount of overlap in the plasma membrane between apoE 
and cav-1 in the merged image. A 2 hour preincubation in 
CH, however, leads to a dramatic shift in apoE cellular dis-
tribution from an intracellular to plasma membrane loca-
tion. After the CH incubation, the majority of apoE is 
localized in the plasma membrane and can be colocalized 
with cav-1. 

  Figure 1B  shows a similar series of images and incuba-
tions, but now using the 3T3-L1 mouse adipocyte cell 
model, and including an incubation in 10 mM M b CD. 
Again, light images of single cells used for staining are in 
the right-hand column. As in the rat primary adipocyte 
model, CH leads to a signifi cant redistribution of most of 
the intracellular apoE to the plasma membrane and to its 
colocalization with cav-1 in the plasma membrane. Incuba-
tion in M b CD to remove CH leads to movement of most 
apoE to the interior of the cell and loss of colocalization 
with cav-1. 

  Figure 1C  shows results using the 3T3-L1 cell model, but 
in this case, endogenous cellular apoE is tracked after ex-
pression of an apoE-GFP fusion protein in order to specifi -
cally localize endogenously synthesized apoE. The dramatic 
redistribution of apoE to the plasma membrane and its 
colocalization with cav-1 after incubation with CH again is 
clearly demonstrated. 

 For the images presented in  Fig. 1D , plasma membrane 
sheets were prepared from 3T3-L1 cells (as described in 

  Fig.   1.  Cellular localization of adipocyte apoE and cav-1 under basal and CH-enriched conditions. Adipocytes were incubated in 100  m M 
BSA/DMEM or this medium containing 10  m g/ml CH for 2 h or 10 mM M b CD for 50 min as indicated. A: Cultures of primary rat adipo-
cytes were stained with anti-apoE or anti-cav-1 and used for confocal microscopy as described in Methods. B: 3T3-L1 adipocytes were stained 
with anti-apoE or anti-cav-1 and used for confocal microscopy as described in Methods. C: Endogenously synthesized apoE was detected in 
3T3-L1 cells after expression of an apoE-GFP protein. Cells were also stained with anti-cav-1 as described in Methods. D: Plasma membrane 
sheets were isolated (as described in Methods) after incubation of intact 3T3-L1 cells under basal conditions, with CH, or with M b CD. 
Plasma membrane sheets were stained with anti-apoE and anti-cav-1 and imaged with confocal microscopy.   
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in BSA, cav-1 is detected after immunoprecipitation of 
apoE under nondenaturing conditions. However, consis-
tent with the confocal images, incubation of intact cells 
with CH prior to lysis of cells increases the amount cav-1 
immunoprecipitated with apoE by approximately 4-fold. 

   Figure 3   shows the results of experiments using discon-
tinuous sucrose gradients to isolate caveolae in order to 
study apoE and cav-1 distribution.  Discontinuous sucrose 
gradients were prepared as described in Methods, and 
twelve 1 ml fractions were collected (from lower to higher 
density). Fractions were then utilized for Western blot of 
cav-1 and apoE. Cav-1 was detected only in light-density 
membrane fractions 3 and 4, with very little in higher den-
sity fractions. ApoE could also be detected in low-density 
membrane fractions but could also be detected in higher 
density fractions 9–12.  Figure 3B  shows the change in sub-
cellular distribution of apoE produced by incubating 
intact cells with CH prior to subcellular fractionation. 
Compared with incubation in BSA alone, the addition of 
CH leads to a marked redistribution of apoE from high-
density to the low-density membrane fractions 3, 4, and 5. 
In four similar experiments, the fraction of total adipocyte 
apoE found in the caveolar fraction was 15% to 25% un-
der basal conditions, but increased to >60% after incu-
bation of intact cells with CH for 2 h. Incubation in a 

an antibody to cav-1. In  Fig. 2B , adipocytes were treated 
with the cleavable cross-linker DSP, and cell lysates were 
prepared using denaturing conditions in SDS prior to 
immunoprecipitation with an antibody to apoE. After im-
munoprecipitation, the cross-linker was cleaved and the 
immunoisolate was utilized for cav-1 and apoE Western 
blot. Inclusion of nonimmune serum in the immunopre-
cipitation does not produce detectable cav-1 or apoE in 
subsequent Western blots. Addition of apoE antibody to 
the immunoprecipitation produces detectable apoE and 
cav-1. The amount of cav-1 brought down by the apoE 
antibody is markedly increased in the presence of the 
cross-linking reagent. In  Fig. 2C , 3T3-L1 adipocytes were 
incubated in basal medium or CH for 2 h prior to harvest, 
and total cell lysates were used for Western blot. As shown 
here, a 2 h incubation in CH produces no change in total 
cell caveolin or apoE. In view of the results in  Fig. 1 , we 
next examined how this 2 h incubation in CH infl uences 
the coimmunoprecipitation of these two proteins. In  Fig. 
2D , cells were incubated in basal medium or basal medium 
plus CH for 2 h. Cell lysates were prepared using nondena-
turing conditions incubated with an antibody to apoE and 
the immune complexes were isolated on protein G beads. 
The resultant immunoisolate was then denatured and uti-
lized for Western blotting for cav-1. After cell incubation 

  Fig.   2.  Coimmunoprecipitation of apoE and cav-1. A: 3T3-L1 cells were incubated in 100  m M BSA for 2 h. After this incubation, cells were 
lysed in nondenaturing buffer and the lysate was for immunoprecipitation using nonimmune serum or anti-cav1 antibody as indicated. 
Where indicated, 3T3-L1 cells were treated with the cell permeant reducible cross-linker DSP prior to lysis in denaturing but nonreducing 
buffer. The immunoprecipitates were eluted from protein G agarose beads in denaturing buffer containing 5% BME to cleave the cross-
linker. The eluates were then separated on an SDS-PAGE and utilized for Western blot of cav-1 and apoE. B: 3T3-L1 cells were treated with 
the cell permeant reducible cross-linker DSP as described in Methods. Cells were lysed using denaturing conditions (but without reducing 
agents) and immunoprecipitated with an antibody to apoE. The immunoprecipitates were eluted from protein G agarose beads in dena-
turing buffer containing 5% BME to cleave the cross-linker. The eluates were then separated on SDS-PAGE and utilized for Western blot of 
cav-1 and apoE. C: 3T3-L1 cells were incubated in 100  m M BSA alone, or this medium plus 10  m g/ml CH for 2 h. After this incubation, cell 
lysates were used for Western blot for apoE and cav-1 as indicated. D: 3T3-L1 cells were incubated in 100  m M BSA alone, or this medium 
plus 10  m g/ml CH for 2 h. After this incubation, cells were lysed in nondenaturing buffer and immunoprecipitated with an antibody to 
apoE. The immunoprecipitates were eluted from protein G agarose beads using denaturing and reducing conditions. The eluates were 
separated on SDS gels and used for Western blot for cav-1 and apoE.   
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enced by incubation of cells to cyclodextrin for 50 min. 
Therefore, loss of both of these proteins in the caveolar 
fraction can be completely accounted for by the redistri-
bution to higher density fractions. We next performed a 
nondenaturing coimmunoprecipitation to evaluate the 
degree of colocalization of apoE and cav-1 in cells treated 
with cyclodextrin. As shown in  Fig. 3E , the incubation in 
cyclodextrin leads to substantial reduction in their colocal-
ization as detected by nondenaturing coimmunoprecipita-
tion; consistent with results using confocal microscopy. 

 We next directly reduced adipocyte cav-1 expression us-
ing a silencing RNA approach.   Figure 4A   shows the time 
course for reduction of cav-1 protein in cells treated with a 
silencing compared with a control silencing RNA . Cav-1 
protein levels are reduced by greater than 90% at 36 h, 
and the reduction is maintained for at least 72 h. The con-
trol silencing RNA produced no change in cav-1 mRNA. 
 Figure 4B  shows that treatment of cells with the cav-1 si-

long-chain polyunsaturated fatty acid (18:2, linoleic acid) 
or a short-chain saturated fatty acid (16:0, palmitic acid) at 
concentrations suffi cient to perturb adipocyte TG turn-
over (not shown) did not lead to apoE redistribution to 
the caveolar fraction.  Figure 3C  shows the effect of incu-
bating intact cells with cyclodextrin prior to subcellular 
fractionation. Removal of cellular CH with cyclodextrin 
leads to reduction of cav-1 in the low-density membrane 
fractions and its redistribution throughout the gradient. 
Incubation in cyclodextrin also leads to loss of apoE in 
low-density membrane fractions. 

 In view of the dramatic redistribution of both apoE and 
cav-1 in response to cyclodextrin, we wished to determine 
if this short-term (50 min) incubation infl uenced either 
total cellular level of either protein, and if the apoE and 
cav-1 translocated out of the plasma membrane after cyclo-
dextrin treatment remain colocalized.  Figure 3D  shows 
that total cellular levels of apoE and cav-1 were not infl u-

  Fig.   3.  Cav-1 and apoE distribution in adipocyte caveolae isolated on discontinuous sucrose gradients. 3T3-L1 adipocytes were homoge-
nized and separated on discontinuous sucrose gradients as described in Methods. Fractions collected from the gradient (going from lower 
to higher density) were utilized for Western blot for apoE and/or cav-1. A: Distribution of cav-1 and apoE in fractions collected from cells 
incubated in BSA. The distribution of each protein across the fractions is shown as a percentage in the graph below the Western blot. B: 
ApoE distribution in the sucrose density fractions was measured in cells that were preincubated in BSA alone, with 10  m g/ml CH or with 
250  m M albumin bound linoleic or palmitic acid (FFA:BSA molar ratio 2.5:1) for 2 h. The percent of apoE in fractions from cells incubated 
with BSA or CH is shown in the graph below the Western blot. C: ApoE and cav-1 distribution in the gradient fractions after preincubation 
of cells in 10 mM M b CD for 50 min. D: 3T3-L1 cells were incubated in BSA or this medium plus 10 mM M b CD for 50 min. Panel shows 
Western blot for total cellular apoE and cav-1 in the two incubation conditions. E: Amount of cav-1 coimmunoprecipitated with apoE (un-
der nondenaturing conditions as described in Methods) in cells incubated with or without M b CD.   
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nylated 20-mer (CBDE in  Fig. 5 ) successfully competed 
out immobilization of cav-1 in the biotin-associated complex 
( Fig. 5C ). In order to more defi nitively address the need 
for the aromatic amino acids in CBDE, an apoE 20-mer of 
amino acids 44 to 63 was prepared in which all of the aro-
matic residues were changed to glycine (CBDE-mut in  Fig. 5 ). 
The mutant or native 20-mers were then used in a compe-
tition assay (shown in  Fig. 5D ). The native 20-mer effectively 
competed for immobilization of cav-1 in the biotin-associ-
ated complex whereas the mutant was completely ineffec-
tive. These results indicate that the apoE domain between 
amino acid residues 44 and 63 saturably and specifi cally 
binds cav-1 in adipocyte lysates in a manner critically de-
pendent on the presence of aromatic amino acids. 

 We next wished to determine if absence of apoE expres-
sion would have any impact on lipid composition of cave-
olae. In order to evaluate this question, caveolar fractions 
from adipocytes harvested from WT and EKO mouse adi-
pose tissue were isolated on discontinuous sucrose gradi-
ents and equal amounts of caveolar protein were extracted 
for lipid analysis on HPLTC. The experiment was repeated 

lencing RNA (shown in the bottom panels) leads to almost 
complete loss of apoE from the plasma membrane and its 
redistribution to the intracellular space. Moreover, after 
silencing of cav-1, incubation of adipocytes with CH fails to 
mobilize apoE to the adipocyte plasma membrane (right 
panel,  Fig. 4 ). 

 Amino acids 80 to 101 of cav-1, termed its scaffolding 
domain, have been shown to noncovalently interact with 
a number of proteins that can be reversibly localized to 
caveolae ( 7, 28–30 ). Many of these interacting proteins 
contain a domain enriched in aromatic amino acids and 
several spacing motifs for these have been described. The 
human apoE sequence between amino acid residues 44 
and 63 is highly enriched in aromatic amino acids and this 
N-terminal enrichment is conserved across multiple spe-
cies (  Fig. 5A  ).  In view of our colocalization results for cav-1 
and apoE, we evaluated the ability of amino acid residues 
44–63 in human apoE to bind adipocyte cav-1. Adipocyte 
cell extracts were prepared in nondenaturing buffer and a 
biotin-labeled apoE 20-mer containing amino acids 44–63 
(designated as B-CBDE in  Fig. 5 ) was added for 90 min. 
After incubation with NeutrAvidin beads, the amount of 
cav-1 in the biotin-associated complex was analyzed by 
Western blot. As shown in  Fig. 5B , in the absence of added 
B-CBDE, no cav-1 is detected in the biotin-associated com-
plex. However, addition of increasing amounts of B-CBDE 
to the adipocyte lysate produced increasing amounts of 
cav-1 in the biotin-associated complex with saturation de-
tected at 1  m M. The addition of a 2-fold excess of unbioti-

  Fig.   4.  Knockdown of cav-1 expression leads to translocation of 
apoE to the intracellular space. 3T3-L1 cells were incubated with a 
cav-1 or control silencing   (si)RNA as described in Methods. A: 
Level of expression of cav-1 in cells exposed to the cav-1 siRNA 
compared with control siRNA (as determined by Western blot) is 
shown. B: Cells exposed to control or cav-1 siRNA were stained with 
anti-apoE and utilized for confocal microscopy after 48 h. Where 
indicated, cells were incubated with 10  m g/ml CH for 2 h prior to 
harvest.   

  Fig.   5.  Cav-1 binding to apoE peptides. A: Alignment of potential 
cav-1 binding motifs in the N-terminal of apoE from various spe-
cies. CBDE, cav-1 binding domain in apoE; CBDE-mut, cav-1 bind-
ing domain in apoE mutated as shown; B-CBDE, biotinyled CBDE. 
Aromatic amino acids and their glycine replacements are under-
lined in bold. B: 20  m g of adipocyte extract were incubated with the 
indicated concentration of B-CBDE for 90 min at 4°C. After isola-
tion on NeutrAvidin beads, the amount of cav-1 in the immobilized 
biotin-associated complex was analyzed by Western blot as de-
scribed in Methods. C: 2  m M of the unbiotinylated apoE 20-mer 
(CBDE) was added to adipocyte cell lysates for 90 min followed by 
addition of 1  m M B-CBDE. The amount of cav-1 immobilized in the 
biotin complex was analyzed as described for (B). D: 20  m g of adi-
pocyte extract were preincubated with 0.5, 1 or 2  m M CBDE, or 
CBDE-mut for 90 min before addition of 1  m M of B-CBDE for an 
additional 90 min. The amount of cav-1 immobilized in the biotin-
associated complex was analyzed as described above.   
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pared on the basis of equal caveolar protein. Of particular 
interest, a subset of adipocyte caveolae has been shown to 
synthesize TG ( 13 ). The dramatic loss of TG in the caveo-
lae that remain in EKO adipocytes suggests that this TG-
rich caveolar subset may be most affected by the absence 
of apoE expression. 

 It is possible to get insight into the implications of the 
interaction between adipocyte cav-1 and apoE by consider-
ing the expression of these two proteins in other cell types. 
Endothelial cells express high levels of cav-1 and have 
abundant caveolae but express little apoE ( 33 ). This would 
suggest that apoE is not necessary for maintaining struc-
ture and/or lipid composition of caveolae in all cell types; 
and its importance for maintaining caveolar lipid compo-
sition in adipocytes may be related to the high lipid fl ux 
and/or lipid storage for which these cells are specialized. 
On the other hand, macrophages express abundant apoE 
but have few caveolae ( 34 ). Macrophages have large stores 
of CH stored mostly as CH ester, and apoE expression in 
macrophages is importantly involved in facilitating CH ef-
fl ux ( 35 ). This would suggest that caveolae are not neces-
sary for facilitating apoE-mediated sterol effl ux from cells. 
Different from macrophages, adipocytes have the ability 
and need to store large amounts of free CH, not only to 
support plasma membrane structure and function, but 
also as a polar lipid component of the TG droplet ( 36–40 ). 
In fact, it has been shown that an adequate supply of free 
CH is required for maintaining normal TG droplet physiol-
ogy in adipocytes ( 36–40 ). A novel sterol recapture mech-
anism that enhances adipocyte sterol content has been 
shown to critically involve apoE and low-density lipoprotein 
receptor-related protein  , an apoE binding protein that 
can also be localized to cellular caveolae ( 41 ). In adipocytes, 
therefore, one can also speculate the localization of apoE 
in caveolae may be related to recapture and preservation 
of cellular CH as CH synthesis in these cells is very low. 

 There are a number of mechanisms that can contribute 
to the localization of apoE to adipocyte caveolae. Proteins 
containing domains enriched in aromatic amino acids 
have been shown to noncovalently associate with the cav-1 
scaffolding domain ( 7, 28–30 ). The N-terminal portion of 
apoE between amino acids 44 and 63 is enriched in such 
amino acids similar to other proteins shown to associate 
with cav-1 in this manner.  Figure 5  demonstrates saturable 
and specifi c binding of this portion of apoE to cav-1 in adi-
pocyte lysates. Such a direct association between apoE and 
cav-1 is also consistent with the cross-linking between apoE 
and cav-1 that we demonstrate using a cross-linking radius 
of 1.2 nM ( Fig. 2B ). 

 Other mechanisms mediating apoE localization to cave-
olae may also be operative and remain to be explored. CH 
enrichment could alter the number of caveolae or lipid 
composition in caveolae in a manner that increases the 
affi nity of apoE for lipid components in the caveolar mem-
brane. Cav-1 is a sterol binding protein and apoE binds 
phospholipid with high affi nity, and both sterol and phos-
pholipid are enriched in caveolae where they associate 
in membrane complexes. The literature provides several 
observations that would support such a lipid-mediated 

a total of three times and the results of this pooled analysis 
are shown in   Fig. 6  .  The results of the pooled analysis dem-
onstrate a substantial decrease of CH, TG, FA, SM, phos-
phatidylcholine, phosphatidylserine, phosphatidylinositol, 
and phosphatidylethanolamine   from 100  m g of protein 
from the caveolar fraction of EKO adipocytes. 

 DISCUSSION 

 The current report, using different experimental mod-
els and multiple approaches, establishes that apoE and 
cav-1 are colocalized at adipocyte plasma membrane, most 
likely in caveolae. We also show that experimental inter-
ventions that alter cellular caveolin distribution or expres-
sion also modulate the distribution of apoE between plasma 
membrane and cytoplasmic cellular compartments. The 
association of apoE and cav-1 in caveolae is enhanced by 
enriching cells with CH and diminished by removing 
plasma membrane CH. Further, after disruption of caveo-
lar structure using CH depletion with subsequent move-
ment of apoE and cav-1 out of the plasma membrane, 
coimmunoprecipitation of these two proteins is reduced. 
This result suggests that their association depends on an 
intact plasma membrane caveolar structure. Direct silenc-
ing of caveolin expression also leads to loss of apoE at the 
cell surface and its redistribution to the intracellular space. 

 Cav-1 expression is required to maintain caveolar ultra-
structural characteristics and lipid composition ( 5, 6, 8, 
31, 32 ). Our data indicate that endogenous adipocyte 
apoE expression is also required to preserve caveolar lipid 
composition. We have previously reported an approxi-
mately 20% reduction in caveolar membrane in EKO 
adipocytes by quantitatively assessing the binding of fl uo-
rescently labeled choleratoxin B to the pentasaccharide 
chain of N-acetylneuraminyl tetrasylceramide, a caveolar-
specifi c lipid ( 23 ). The current results indicate that the 
absence of apoE expression in adipocytes leads to substan-
tial derangement in caveolar lipid composition when com-

  Fig.   6.  Caveolar lipid composition in adipocytes isolated from 
control or EKO mature adipocytes. Adipose tissue from two mice of 
each genotype was pooled in order to isolate 100  m g of adipocyte 
caveolar protein for lipid analysis. Lipids were extracted and run 
on HPLTC plates as described in Methods. Densitometric analysis 
of pooled results of the same experiment repeated a total of three 
times and quantitated as described in Methods.   
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colocalization for apoE and cav-1 ( 8, 42–44 ). The C-terminal 
domain of apoE is highly  a -helical and is thought to be 
primarily involved in mediating the association of apoE 
with phospholipid ( 42 ). Cav-1 has high affi nity for sterol 
and is thought to exist not only in a membrane-associated 
form but also in a cytoplasmic and secreted form ( 8, 43, 44 ). 
In each of the latter two forms, cav-1 appears to exist as 
part of a high-density lipoprotein particle that can contain 
apoA1, which like apoE, is also a soluble amphipathic 
 a -helical apolipoprotein. Alternatively, a number of recep-
tors that can directly bind to apoE may be localized to ca-
veolae, and their distribution to caveolae may be infl uenced 
by cellular CH fl ux ( 45, 46 ). Any mechanism considered 
must take into account the observation that the CH-
mediated redistribution of apoE from the adipocyte cytoplas-
mic space to the adipocyte plasma membrane is absolutely 
dependent on the expression of cav-1 in these cells ( Fig. 4 ). 
This observation would support the importance of a non-
covalent interaction between cav-1 protein and apoE, but 
could also be consistent with a required role for caveolin 
in organizing plasma membrane lipid domains to increase 
their affi nity for apoE. 

 Cav-1 expression and caveolae are necessary for preserv-
ing signaling pathways, endocytic pathways, and TG droplet 
metabolism in adipocytes ( 5–12 ). Endogenous expression 
of apoE also plays a role in preserving adipocyte caveolar 
lipid composition, endocytic pathways, and TG droplet 
metabolism ( 21–23 ). The results in this paper provide evi-
dence and mechanism for an unexpected interaction be-
tween two proteins involved in cellular lipid metabolism in 
a cell type specialized for lipid storage and fl ux, and ratio-
nalize a biologic and morphologic basis for observations 
establishing a role for endogenous adipocyte apoE in 
modulating adipocyte lipid metabolism ( 16, 21–23 ).  
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