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The scavenger receptor CD36 binds a diverse array of
ligands, including thrombospondin-1, oxidized low den-
sity lipoprotein (OxLDL), fatty acids, anionic phospho-
lipids, and apoptotic cells. CD36 has been reported to be
present in lipid rafts/caveolae, but little is known about
the membrane trafficking of this protein at baseline or
following ligand binding. Here, we determined that ex-
pression of CD36 in Chinese hamster ovary (CHO) cells
and endogenous expression of CD36 in C32 cells led to a
homogeneous distribution of the protein on the plasma
membrane, as judged by confocal fluorescence micros-
copy. This homogeneous pattern was observed both by
anti-CD36 antibody staining and by live cell imaging of
CHO cells expressing a chimeric CD36-green fluorescent
protein construct. In contrast, caveolin-1 displayed its
usual punctate surface distribution. Correspondingly,
dual labeling of CD36 and caveolin-1 showed essentially
no overlap, neither by immunofluorescence light mi-
croscopy nor by immunogold electron microscopy. Fur-
thermore, isolation of lipid rafts by sucrose gradient
ultracentrifugation of cold Triton X-100 cell lysates
yielded both CD36 and caveolin-1, but immunoprecipi-
tates of caveolin-1 did not contain CD36. Binding of Ox-
LDL led to internalization of CD36 and OxLDL into en-
dosomal structures that did not contain caveolin-1 or
transferrin but that co-internalized the glycosyl-phos-
phatidylinositol-anchored protein decay accelerating
factor, a lipid raft protein. Furthermore, expression of
CD36 in the caveolin-1-negative KB cell line is sufficient
for OxLDL-induced internalization of CD36, indicating
that caveolin-1 is not required for this endocytic proc-
ess. Taken together, these data demonstrate that at
steady state, CD36 is localized in lipid rafts but not in
caveolae, and that binding of OxLDL to CD36 leads to
endocytosis through a lipid raft pathway that is distinct
from the clathrin-mediated or caveolin internalization
pathways.

CD36 is an 88-kDa plasma membrane glycoprotein that
functions as a scavenger receptor. It is expressed in a range of

cells and tissues that includes platelets (1), monocytes/macro-
phages (2), mammary epithelial cells (3), vascular endothelial
cells (4), and adipose tissues (5). A large and diverse array of
ligands for CD36 has been identified, including throm-
bospondin (6), oxidized low density lipoprotein (OxLDL)1 (7, 8),
fatty acids (5), anionic phospholipids (9), apoptotic cells (10,
11), and Plasmodium falciparum malaria-parasitized erythro-
cytes (12). This set of CD36 ligands suggests possible roles for
CD36 in a range of important physiologic and pathologic pro-
cesses, including angiogenesis, phagocytosis, lipid metabolism,
and atherosclerosis (reviewed in Ref. 13).

Binding of OxLDL to macrophages is one of the earliest steps
in development of atherosclerotic lesions, producing lipid-laden
foam cells (reviewed in Ref. 14). CD36 is one of several OxLDL
receptors that have been implicated in this process. Monocytes
from individuals lacking CD36 (Naka -negative, type I defi-
ciency) or monocytes in which CD36 is blocked by antibodies
have a decrease of �50% in OxLDL uptake (7, 8, 15); a similar
decrease is seen in macrophages from CD36 knockout mice
compared with control CD36-positive litter mates (16). When
studied in a proatherogenic apoE-null background, the CD36
knockout resulted in a 75% reduction in aortic atherosclerotic
lesion size compared with control animals (16). These data
support the critical role of CD36 as a proatherogenic molecule.

Despite the pathophysiologic importance of the pathway for
uptake of OxLDL through CD36, the molecular details of the
endocytosis of OxLDL into macrophages to form foam cells is
not well understood. Initial observations localized CD36 to lipid
rafts/caveolae (17). Rafts are membrane domains that are en-
riched in cholesterol and sphingolipids and form a liquid-or-
dered subdomain of the membrane (reviewed in Refs. 18 and
19). Rafts contain a select set of membrane proteins, including
glycosyl-phosphatidylinositol (GPI)-anchored proteins and acy-
lated src family protein-tyrosine kinases. Rafts are found in all
cells; caveolae are a specialized raft subdomain found in some
cells (reviewed in Ref. 20). Caveolae are 50- to 100-nm plasma
membrane invaginations that have the coat protein caveolin-1
(21). Expression of the protein caveolin-1 in cells that lack
caveolae leads to formation of structural caveolae (22); con-
versely, caveolae are lost in the caveolin-1 knockout mouse
(23, 24).

Rafts can be purified as detergent-resistant membranes
(DRMs) based on their resistance to extraction in Triton X-100
at 4 °C, followed by subsequent separation from the remainder
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of the solubilized membrane proteins due to their high lipid
content and resultant light buoyant density, which leads to
flotation on sucrose gradient ultracentrifugation (25, 26). CD36
was identified as a caveolar protein based on its partitioning
into this DRM fraction, but this methodology does not distin-
guish caveolae from non-caveolar rafts. Hence, CD36 is en-
riched in rafts, but it remains to be determined whether it is in
caveolae. Furthermore, it is not known whether rafts and
caveolae play a role in the endocytosis of ligands such as Ox-
LDL through CD36. The studies reported here address the
localization of CD36 to rafts and/or caveolae and assess
changes in that distribution following OxLDL binding
and endocytosis.

EXPERIMENTAL PROCEDURES

Cells and Antibodies—Chinese hamster ovary (CHO) cells were
grown in Ham’s F-12 medium supplemented with 5% fetal bovine
serum, 2 mM glutamine, and 10 �g/ml streptomycin, and 10 units/ml
penicillin in a 5% CO2/95% air atmosphere at 37 °C. A stable CHO
transfectant expressing human decay accelerating factor (DAF) has
been described previously (27). The human KB cell line and the human
C32 melanoma cell line were grown in �-minimal essential medium
supplemented with 10% fetal bovine serum plus the remaining listed
additions, and the J774 mouse macrophage cell line was grown in
Iscove’s minimal essential medium supplemented with 10% fetal bovine
serum with the same additions; these cell lines were all obtained from
the American Type Culture Collection (Rockville, MD). Mouse mono-
clonal anti-CD36 antibody FA6–152 was obtained from Immunotech
(Westbrook, ME), rabbit polyclonal anti-caveolin-1 antibody and mouse
monoclonal anti-caveolin-2 antibody were purchased from BD Trans-
duction Laboratories (Lexington, KY), and the anti-FLAG monoclonal
antibody M2 was from Sigma (St. Louis, MO). The mouse monoclonal
anti-human DAF antibody 1H4 has been described previously (28).
Secondary antibodies (anti-rabbit IgG and anti-mouse IgG) were from
Jackson ImmunoResearch Laboratories (West Grove, PA), horseradish
peroxidase-conjugated secondary antibodies were from Sigma, and Al-
exa 488- and Alexa 594-conjugated secondary antibodies and Alexa
488-conjugated transferrin were from Molecular Probes (Eugene, OR).

DNA Constructs and Transfection—Human CD36 cDNA was cloned
into the pcDNA3 expression vector (Invitrogen, Carlsbad, CA) as pre-
viously reported (29). The PCR was used to place the FLAG epitope tag
at the C terminus of CD36 just before the stop codon. A chimeric
construct with green fluorescent protein (GFP) at the N terminus of
CD36 (CD36-GFP) was made by cloning the CD36 cDNA from the
pcDNA3 vector into the pEGFP-C1 vector (Clontech Laboratories, Palo
Alto, CA) utilizing HindIII and ApaI restriction sites. Canine caveolin-1
cDNA was cloned into the pcDNA3 expression vector as previously
described (30). A chimeric construct with GFP at the C terminus of
caveolin-1 (Cav-1-GFP) was made by cloning caveolin-1 cDNA from the
pcDNA3 vector into pEGFP-N1 as a XhoI/HindIII fragment. DNA
transfection was performed with LipofectAMINE Plus (Invitrogen,
Gaithersburg, MD) for 4 h at 37 °C. Cells were either studied during
transient expression at 24–48 h post-transfection, or stable transfec-
tants were selected in medium containing 250 �g/ml G418 (active drug).
In some cases, stable transfectants were further enriched for high
expression levels by flow cytometry or cloning by limiting dilution.

Sucrose Gradient Ultracentrifugation—Rafts were purified as DRMs
using sucrose gradient ultracentrifugation (25) as modified (26). In
brief, 50–100 � 106 cells were lysed on ice for 30 min in 1 ml of
Mes-buffered saline (MBS, 25 mM Mes, pH 6.5, 0.15 M NaCl, 5 mM

EDTA, 1 mM sodium orthovanadate, 10 �g/ml leupeptin, and 10 �g/ml
aprotinin) containing 0.5% Triton X-100. Cell lysate was brought to 40%
sucrose and placed at the bottom of an ultracentrifugation tube, and a
5–30% discontinuous sucrose gradient (in MBS) was laid on top of it and
centrifuged at 39,000 rpm at 4 °C for 16 h in a SW41 rotor (Beckman
Instruments, Palo Alto, CA). 1-ml fractions were collected from the top
of the tube to yield a total of 10 fractions. 5% of each fraction was
analyzed by SDS-PAGE and Western blotting.

Immunoprecipitation and Western Blotting—Cells were washed
twice with phosphate-buffered saline (PBS, pH 7.4) and lysed in lysis
buffer (50 mM Tris-HCl, pH 7.6, 0.15 M NaCl, 1%Triton X-100, 5 mM

EDTA, 1 mM sodium orthovanadate, 10 �g/ml leupeptin, and 10 �g/ml
aprotinin). For immunoprecipitation, lysates or fractions from sucrose
gradient ultracentrifugation were precleared with secondary antibody
and the immunoabsorbent Pansorbin (Calbiochem, San Diego, CA).
CD36 was immunoprecipitated with a mouse monoclonal antibody

(FA6–152) and rabbit anti-mouse IgG, and caveolin-1 was immunopre-
cipitated with rabbit anti-caveolin-1. Immunoprecipitates were col-
lected on Pansorbin, washed three times in lysis buffer, and eluted into
Laemmli sample buffer. Cell lysates or immunoprecipitates were sep-
arated by SDS-PAGE on 9% or 12% acrylamide gels, and proteins were
transferred to a 0.45-�m nitrocellulose membrane (Micron Separations,
Westboro, MA) and blocked for 30 min in blocking buffer (Tris-buffered
saline, pH 7.6, 0.05% Tween, and 3% nonfat dry milk). After a 60-min
incubation with primary antibody diluted in blocking buffer followed by
washing, the blot was incubated for 30 min with appropriate secondary
anti-IgG-horseradish peroxidase conjugate. The membrane was washed
three times for 10 min each and developed with SuperSignal chemilu-
minescent substrate (Pierce, Rockford, IL).

Confocal Fluorescence Microscopy—Cells (5 � 104 cells/well) were
plated on chromic acid-cleaned glass 22 mm-square coverslips that were
put into 35-mm wells, and 24 h later they were transfected. Following
a further 24- to 48-h incubation, cells were fixed and stained for immu-
nofluorescence at room temperature. In detail, cells were washed twice
with PBS, fixed for 60 min with 3.7% paraformaldehyde in PBS, rinsed
three times (10 min each) with PBS, permeabilized for 20 min with
Blocker 1 (PBS, 0.1 M NH4Cl, 0.2% gelatin, and 0.05% Triton X-100),
rinsed three times (5 min each) in wash buffer (PBS, 0.02% azide, and
0.2% gelatin), incubated with primary antibody (or two primary anti-
bodies for dual immunofluorescence), either rabbit anti-caveolin-1 an-
tibody and/or mouse monoclonal anti-CD36 antibody FA6–152 (both at
1:100 dilution) in wash buffer plus 25% normal goat serum for 1 h,
rinsed in wash buffer four times (for a total of 30 min), incubated with
secondary Alexa Fluor 488- and/or Alexa Fluor 594-conjugated goat
anti-IgG in wash buffer plus 25% normal goat serum for 1 h in the dark,
and rinsed in wash buffer four times for a total of 30 min. All samples
were mounted and viewed using a Bio-Rad laser confocal fluorescence
microscope. The specificity of the primary antibodies was confirmed by
the lack of fluorescence after staining of antigen-negative cell lines.

Cryo-immunogold Electron Microscopy—Cells were grown to �80%
confluency in each of two 10-cm plates. Cells were rinsed twice with
PBS, harvested with PBS and 10 mM EDTA, and rinsed twice with PBS.
The cell pellet was prepared for cryo-sections by fixing with 2%
paraformaldehyde and 0.2% glutaraldehyde in PBS. Cryo-sections were
floated onto grids and labeled with 1:100 dilution of polyclonal rabbit
anti-caveolin-1 and 1:100 dilution of monoclonal anti-CD36 (FA6–152),
and secondary anti-rabbit IgG-gold (10-nm gold, Jackson Laboratories)
and anti-mouse IgG-gold (5-nm gold, Jackson Laboratories) as de-
scribed previously (31).

Ligand Binding—Cells were plated in six-well dishes on coverslips
and, when indicated, transfected as described above. Antibody binding
was done using FA6–152 anti-CD36 or 1H4 anti-DAF at 2 �g/ml for 30
min at 37 °C followed by addition of rabbit anti-mouse IgG (either
unlabeled or a fluorophore-conjugated antibody) at 10 �g/ml for 30 min
at 37 °C. Ligand binding was done by incubation with OxLDL or DiI-
OxLDL (Intracel, Frederick, MD) at 20 �g/ml for 30–60 min at 37 °C.
Following these incubations, the cells were fixed, stained with antibody
if indicated, and mounted for viewing by confocal fluorescence micros-
copy. In some cases, ligand binding was done in the presence of fucoidan
or polyinosinic acid at 200 �g/ml (Sigma).

RESULTS

CD36 Is in Lipid Rafts Distinct from Caveolae—Immunoflu-
orescence microscopy was used to address the localization of
CD36 relative to caveolae in cells at steady state, i.e. cells
without ligand activation of CD36. Chinese hamster ovary
(CHO) cells endogenously express caveolin-1 and form caveolae
(data not shown), and caveolin-1 can be used as a marker of
caveolae location. CHO stable transfectants expressing CD36
were established. Analysis of these cells by immunofluores-
cence using separate antibodies to CD36 or caveolin-1 demon-
strated that both CD36 and caveolin-1 were localized at the
plasma membrane (Fig. 1). This is clearly seen in a confocal
optical section through the middle of the cell (Fig. 1, C and D).
A confocal plane at the cell bottom (Fig. 1, A and B) demon-
strated a punctate pattern for caveolin-1, as expected for the
coat protein of caveolae, but showed a quite different appear-
ance for CD36 with a smooth, homogeneous pattern. Next,
studies were performed to confirm that these patterns were not
artifactually modified by the antibodies used for immunofluo-
rescence (which are applied post-paraformaldehyde fixation) or
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by the fixation procedure. The patterns of expression observed
in CHO cells transiently transfected with plasmids for CD36-
GFP or Cav-1-GFP (fixed cells, Fig. 2; live cells, data not
shown) were consistent with the immunofluorescence observa-
tions. Because the CD36 molecule is expressed by transfection
is these CHO cells, it is important to ascertain that the same
patterns of expression would occur in cells that endogenously
express CD36. The human C32 melanoma cell line expresses
CD36 as assessed by flow cytometry (32) and by immunoblot
analysis (data not shown), and expresses caveolin-1 as assessed
by immunoblot analysis (data not shown). Immunofluorescence
analysis demonstrated a smooth, homogeneous pattern of ex-
pression of CD36 on the plasma membrane of C32 cells, clearly
differing from the punctate plasma membrane expression of
caveolin-1 (data not shown).

The distinct patterns of expression of CD36 and caveolin-1
suggest that these two proteins are not colocalized in these
cells. To directly confirm this finding, we used dual immuno-
fluorescence of CD36 and caveolin-1 in the same cell. For both

CHO stable transfectants expressing CD36 and C32 cells en-
dogenously expressing CD36, the CD36 had a homogeneous
staining pattern and caveolin-1 had a more punctate appear-
ance by immunofluorescence, with little overlap in the merged
images (Fig. 3).

Next, to completely resolve this issue, we assessed the colo-
calization of CD36 and caveolin-1 at higher resolution using
electron microscopy. Cryo-immunogold electron microscopy of
CHO-stable transfectants expressing CD36 showed a distinct
localization of CD36 and caveolin-1 (Fig. 4). Caveolin-1 was
present in clusters, consistent with its known oligomerization
properties and its localization in caveolae (20). The great ma-
jority of the CD36 is diffusely located along the plasma mem-
brane and is very rarely seen in a caveolin-1 cluster. Thus,
based on both immunofluorescence and immunoelectron mi-
croscopy, CD36 and caveolin-1 have distinct and non-overlap-
ping distributions on the plasma membrane in CHO and
C32 cells.

CD36 and Caveolin-1 Are in Separate DRMs—Next, to com-
plement these microscopy studies, we did a biochemical anal-
ysis of the CD36 and caveolin-1. The original assignment of

FIG. 2. Expression of GFP-tagged versions of CD36 or caveo-
lin-1 in CHO cells. CHO cells transiently transfected with CD36-GFP
(A) or caveolin-1-GFP (B) were viewed by confocal fluorescence micros-
copy in a plane near the cell bottom. Note that the GFP tag does not
alter the expression pattern of the molecules (compare Fig. 1A to Fig.
2A for CD36, and Fig. 1B to Fig. 2B for caveolin-1).

FIG. 4. Cryo-immunogold electron microscopy of CD36 and
caveolin-1 in CHO cells. CHO cells stably transfected with CD36
were double labeled with monoclonal anti-CD36 antibody FA6–152 and
rabbit polyclonal anti-caveolin-1 antibody, followed by gold-labeled sec-
ondary antibodies; 5-nm gold particles identify CD36 (marked with
arrows) and 10-nm gold particles identify caveolin-1 (marked
with arrowheads).

FIG. 1. Immunofluorescence analysis of CD36 and caveolin in
CHO cells. CHO cells stably transfected with CD36 were stained with
either anti-CD36 monoclonal antibody FA6–152 (A and C) or anti-
caveolin-1 rabbit polyclonal antibody (B and D), followed by Alexa
488-conjugated goat anti-mouse IgG or goat anti-rabbit IgG, respec-
tively. Each set of cells is shown in a confocal plane through the cell
bottom (A and B) or through the middle of the cell (C and D).

FIG. 3. CD36 and caveolin-1 do not colocalize in CHO cells or
C32 cells as assessed by dual confocal immunofluorescence mi-
croscopy. CHO cells were transiently transfected with CD36-GFP, and
48 h later they were fixed and stained with anti-caveolin-1 rabbit
polyclonal antibody, followed by Alexa 594 goat anti-rabbit IgG. C32
cells were fixed, stained with both anti-CD36 monoclonal and anti-
caveolin-1 polyclonal antibody, followed by Alexa 488 goat anti-mouse
IgG and Alexa 594 goat anti-rabbit IgG. Each set of cells is shown in a
confocal plane through the cell bottom: CHO cells (A–C) and C32 cells
(D–F). The CD36 fluorescence is shown in A and D, the caveolin-1
fluorescence is shown in B and E, and the merged images are shown in
C and F.
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CD36 as a raft protein was based on biochemical studies iso-
lating CD36 in a light buoyant density fraction from sucrose
gradient centrifugation of Triton X-100 cell lysates (17), i.e. it
partitioned into DRMs, which represent an operational coun-
terpart of rafts (19, 33). Consistent with this finding, when we
isolated DRMs from the CHO-stable transfectant expressing
CD36, both CD36 and caveolin-1 were found in the DRMs (Fig.
5A), identifying both as raft proteins. However, when caveo-
lin-1 was isolated from the Triton X-100 lysate by immunopre-
cipitation, the immunoprecipitate had no CD36 present as as-
sessed by immunoblot analysis (Fig. 5B). Control immunoblots
of the caveolin-1 immunoprecipitate confirmed the presence of
caveolin-1 and demonstrated the recovery of caveolin-2 (Fig.
5B), consistent with the established hetero-oligomeric caveolin-
1/caveolin-2 complex (34).

Endocytosis of OxLDL Occurs through CD36 in Transfected
CHO Cells—The results above demonstrate that, in the CHO
cells at steady state, CD36 is in rafts but is not in caveolae. We
next investigated whether the CD36 distribution is affected
dynamically by binding of the ligand OxLDL (7). Using DiI-
labeled OxLDL for fluorescent visualization of this process, we
confirmed that DiI-OxLDL was endocytosed into CHO-stable
transfectants expressing CD36 but not into control CHO cells
(Fig. 6A). Pathophysiologically, the binding and uptake of
OxLDL by macrophages is what leads to the formation of foam
cells in the early stages of atherosclerosis (14). Therefore, we
compared the transfected CHO cells expressing CD36 to the
J774 mouse macrophage cell line, and the pattern of OxLDL
uptake matched the uptake in the J774 cells (Fig. 6A).

The same process of uptake of OxLDL through CD36 was
next studied while following both the OxLDL (with a DiI label)
and the CD36 (with a GFP tag). A CD36-GFP construct ex-
pressed in CHO cells was correctly localized on the plasma

membrane (Fig. 6B). In the presence of OxLDL, both the
OxLDL and the CD36 were internalized, and there was almost
complete overlap of the OxLDL and the CD36 molecules, as
seen in the merged image (Fig. 6B). Thus, the process of
OxLDL endocytosis can be studied in this heterologous system
of CD36 expressed in CHO cells.

OxLDL Endocytosis Occurs through a Lipid Raft Pathway
That Is Clathrin- and Caveolin-1-independent—Several dis-
tinct pathways for endocytosis of molecules have been de-
scribed (35). To characterize the pathway for endocytosis of
OxLDL through CD36, we utilized markers for different endo-
cytic pathways and used confocal fluorescence microscopy to
assess co-endocytosis with OxLDL. Specifically, transferrin up-
take was used to mark the clathrin-mediated pathway, caveo-
lin-1 was used to mark the caveolar pathway, and the GPI-
anchored protein DAF was used to mark the lipid raft pathway.
CHO cells expressing CD36 were incubated with DiI-OxLDL at
20 �g/ml for 30 min at 37 °C, then the cells were fixed and
caveolin-1 was visualized with anti-caveolin-1 and Alexa 488-
labeled secondary antibody. Confocal fluorescence microscopy
demonstrated that the endocytosed DiI-OxLDL and the caveo-
lin-1 had distinct, non-overlapping localizations (Fig. 7). Simi-
larly, experiments in the C32 cells, which express CD36 endo-
genously, demonstrated that endocytosed DiI-OxLDL did not
colocalize with caveolin-1 (data not shown). Next, to assess
whether DiI-OxLDL was internalized via clathrin-coated pits,

FIG. 5. CD36 and caveolin-1 are both in rafts, but they do not
coimmunoprecipitate. CHO cell transfectants stably expressing
CD36 were lysed in cold 1% Triton X-100, and the lysate was resolved
on a sucrose density gradient by ultracentrifugation. A, fractions 1–10
(fraction 1 at top of gradient) were collected, separated by SDS-PAGE,
and analyzed by Western blot for CD36 or caveolin-1. Both CD36 and
caveolin-1 are in the DRM (raft) fractions. B, the Triton lysate was
immunoprecipitated for caveolin-1, and the lysate or immunoprecipi-
tate was separated by SDS-PAGE and analyzed by Western blot for
CD36, caveolin-1, or caveolin-2. Note that the caveolin-1 immunopre-
cipitate contains caveolin-1 and caveolin-2 (which hetero-oligomerizes
with caveolin-1), but not CD36.

FIG. 6. DiI-OxLDL is internalized in the J774 macrophage cell
line and in CHO cell transfectants stably expressing CD36. A,
J774 cells, CHO cells, and CHO cell transfectants stably expressing
CD36 were treated with DiI-labeled OxLDL at 20 �g/ml for 1 h at 37 °C,
then rinsed, fixed, and viewed by confocal fluorescence microscopy in a
plane through the middle of the cell. The J774 cells internalize DiI-
OxLDL into vesicular structures, and a similar pattern is seen in the
CHO cells transfected with CD36, but not in the CHO cells. B, CHO
cells were transfected with CD36-GFP, then, following a 48-h incuba-
tion, the cells were treated with either buffer (control) or DiI-labeled
OxLDL at 20 �g/ml for 1 h at 37 °C, then rinsed, fixed, and viewed by
confocal fluorescence microscopy. In a control cells, the CD36-GFP
fluorescence is on the plasma membrane, as expected. Following DiI-
OxLDL treatment, the CD36-GFP has been internalized along with
the DiI-OxLDL, and the merged image demonstrates almost complete
colocalization.
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the transfected CHO cells expressing CD36 were incubated
with DiI-OxLDL and Alexa 488-labeled transferrin, because
the transferrin will be internalized through clathrin-coated
pits and vesicles. The cells were fixed and viewed by confocal
fluorescence microscopy (Fig. 7), which showed that both the
DiI-OxLDL and the transferrin had been endocytosed, but that
they were in distinct vesicles, with no overlap. Finally, possible
endocytosis of OxLDL along the lipid raft pathway was studied
in a CHO-stable DAF transfectant that was transiently ex-
pressing CD36. These cells were incubated with 1H4 mono-
clonal antibody to DAF at 4 °C, followed by Alexa 488-labeled
secondary antibody and DiI-OxLDL at 20 �g/ml for 30 min at
37 °C. Cells were fixed and viewed by confocal fluorescence
microscopy, which demonstrated that the endocytosed DiI-
OxLDL and the DAF had a large degree of overlap on intracel-
lular vesicles (Fig. 7).

The failure of OxLDL to colocalize with caveolin-1 during
endocytosis suggests that caveolae are not involved in OxLDL
uptake. To directly address the requirement for caveolin-1/
caveolae in the endocytosis of OxLDL through CD36, we stud-
ied the process in cell lines that lack caveolin-1. The mouse
macrophage cell line J774 lacks caveolin-1 as assessed by West-
ern blot (36, data not shown), and it was already shown that
these cells can internalize OxLDL (Fig. 6A). However, because
macrophages possess both the class B scavenger receptor CD36
and scavenger receptor class A (SR-A), another OxLDL recep-
tor, it cannot be concluded from these data that OxLDL is
internalized into J774 through CD36. SR-A and CD36 are the

principal receptors responsible for the uptake of OxLDL in
macrophages (37). To isolate the effect of CD36, the binding of
OxLDL to J774 cells was done in the presence of the polyanions
fucoidan or polyinosinic acid, which are inhibitors of SR-A but
not CD36; the same pattern of uptake of OxLDL, albeit with
reduced intensity, was seen (data not shown), suggesting that
OxLDL uptake through CD36 can take place in cells lacking
caveolin-1.

Next, endocytosis of OxLDL was studied in the KB cell line;
these cells do not possess caveolin-1 or caveolae (data not
shown). The KB cells were transiently transfected with CD36-
GFP; 48 h later the cells were treated with OxLDL at 20 �g/ml
for 1 h at 37 °C or with medium alone as a negative control. As
viewed by confocal fluorescence microscopy, in the absence of
OxLDL, the CD36-GFP was mainly localized on the plasma
membrane, but following OxLDL exposure, the CD36-GFP was
internalized into vesicles (Fig. 8).

DISCUSSION

The classic model of receptor-mediated endocytosis of mac-
romolecules involves uptake through clathrin-coated pits, as
exemplified by endocytosis via the LDL receptor or the trans-
ferrin receptor. More recent work has shown that this is just
one of several pathways for endocytosis (35). Caveolae, another
type of invagination or pit in the plasma membrane, had been
implicated as a route for endocytosis (38). More recent studies
of the endocytosis of albumin through gp60 (39, 40) and uptake
of SV40 virus through caveolae (41) have shown that caveolae-
mediated endocytosis is an alternate endocytic route that can
lead to the pinching off of caveolae and their fusion with large
intracellular vesicles termed caveosomes (41). The internaliza-
tion of caveolae requires dynamin (42, 43), which is also re-
quired for clathrin-mediated endocytosis. Additional non-clath-
rin pathways have been described for the endocytosis of
GPI-anchored proteins (44–46) and interleukin 2 (IL-2) (47).
Both GPI-anchored proteins and the IL-2 receptor reside in
lipid rafts, but the pathways for endocytosis of these two mole-
cules do not appear to be identical, because GPI-anchored uptake
is regulated by the Rho family GTPase cdc42 (46), whereas IL-2
endocytosis is regulated by the Rho family GTPase RhoA (47). It
is not yet clear how many different types of endocytic vesicles
exist in these non-clathrin pathways. For some of the ligands,
such as SV40 virus, caveolin-1 is required (41), whereas for
others, such as GPI-anchored proteins, caveolin-1 is not neces-
sary for endocytosis (45). The non-clathrin, non-caveolar endocy-
tosis is dependent on cholesterol and dynamin, but further de-
tails remain to be worked out on the molecular steps and the
proteins required for this endocytic pathway (35, 48, 49).

Our studies were aimed at elucidating the endocytic process

FIG. 7. Internalized OxLDL does not colocalize with trans-
ferrin or caveolin-1 but colocalizes with GPI-anchored DAF. Top
panels: CHO cells stably expressing CD36 were transiently transfected
with cav-1-GFP, and 24 h later they were treated with DiI-labeled
OxLDL at 20 �g/ml for 1 h at 37 °C, then rinsed, fixed, and viewed by
confocal fluorescence microscopy. Cells were imaged for DiI-OxLDL,
cav-1-GFP, or both (merged image), as indicated. Middle panels: CHO
cells stably expressing CD36 were treated with DiI-labeled OxLDL at
20 �g/ml and with Alexa 488-labeled transferrin for 30 min at 37 °C,
then rinsed, fixed, and viewed by confocal fluorescence microscopy.
Cells were imaged for DiI-OxLDL, transferrin, or both (merged image),
as indicated. Bottom panels: CHO cells stably expressing the GPI-
anchored protein DAF were transiently transfected with CD36, and
48 h later they were pre-treated with 1H4 mouse monoclonal anti-DAF
followed by Alexa 488-labeled goat anti-mouse antibody and DiI-labeled
OxLDL at 20 �g/ml for 60 min at 37 °C, then rinsed, fixed, and viewed
by confocal fluorescence microscopy.

FIG. 8. KB cells lacking caveolin-1 can internalize OxLDL
through CD36. KB cells, which lack caveolin-1, were transiently
transfected with CD36-GFP. After 48 h, the cells were treated with
OxLDL at 20 �g/ml or with buffer alone (control) for 1 h at 37 °C, then
rinsed, fixed, and viewed by confocal fluorescence microscopy. CD36 has
a plasma membrane distribution in the control cells but internalizes
after treatment with OxLDL.
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responsible for the uptake of OxLDL through CD36. Initially,
we utilized a combination of light and electron microscopy and
biochemical analysis to confirm that CD36 was in rafts but that
it was not in caveolae in the cells that we studied. This was
established by the distinct patterns of expression of CD36
(homogeneous) versus caveolin-1 (punctate) on the plasma
membrane, by the lack of colocalization of these two proteins by
both fluorescence and electron microscopy, and by the lack of
coimmunoprecipitation of CD36 and caveolin-1.

Our next studies looked at the endocytosis of OxLDL through
CD36, and we established that OxLDL and CD36 are taken up
into endocytic vesicles together and that the uptake process
takes place in a similar manner in the heterologous system of
human CD36 expressed in CHO cells as it does for CD36
endogenously expressed in the C32 human melanoma cell line
and in the J774 mouse macrophage cell line. This latter cell line
is relevant because of the role of macrophages in the uptake of
OxLDL in a process that produces lipid-laden foam cells (50).
To determine the specific pathway of endocytosis, we utilized
dual fluorescence markers to simultaneously study the inter-
nalization of OxLDL (DiI-labeled) with either caveolin-1, trans-
ferrin, or the GPI-anchored protein DAF, which serve as mark-
ers of caveolar-mediated, clathrin-mediated, or raft-mediated
endocytic pathways, respectively. OxLDL was clearly endocy-
tosed through a non-clathrin, non-caveolar, raft-mediated
pathway, showing extensive endocytosis into the same vesicles
as DAF.

We found no evidence for a required role for caveolin-1 and
caveolae in the endocytosis of OxLDL through CD36. First, as
discussed above, there was no colocalization of OxLDL and
caveolin-1 during endocytosis. Second, the uptake of OxLDL
occurred in the caveolin-1-negative J774 cell line, even when
uptake through SR-A was blocked. Third, there was endocyto-
sis of OxLDL in the KB cell line transfected with CD36, al-
though KB cells do not express caveolin-1 or caveolae. Thus, it
is clear that caveolin-1 is not required for endocytosis of OxLDL
through CD36. In a recent report, caveolin-1 was immunopu-
rified from adipocytes, and CD36 was one of the proteins that
copurified with caveolin-1 (51). It is notable that adipocytes are
the tissue with the highest level of caveolin-1 expression (52).
The partitioning of plasma membrane proteins between the
non-raft domain, rafts (excluding caveolae), and caveolae is a
dynamic process; the distribution of CD36 could vary depend-
ing on the levels of caveolae in different cells. Nonetheless, our
results demonstrate that the endocytosis of OxLDL through
CD36 occurs via a raft-mediated pathway and that caveolae are
not necessary for the process. Whether caveolin-1 could modu-
late the endocytosis of OxLDL under some circumstances re-
mains to be determined.

The delineation of this raft pathway for endocytosis of
OxLDL through CD36 will provide the basis for future studies
of the detailed molecular mechanisms and regulatory mole-
cules that control this process. Given the key role of OxLDL
endocytosis in macrophages as an early step in atherosclerosis,
this endocytic pathway will be an important target of future
investigations.
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