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  Macrophage cholesterol homeostasis is important to 
the understanding and study of atherosclerosis. It has been 
suggested that excess cholesterol accumulation is cytotoxic 
to macrophages ( 1, 2 ), which contributes to the theory 
that atherosclerotic plaques progress when a macrophage’s 
mechanisms for cholesterol removal become overwhelmed, 
thus leading to excess cholesterol accumulation ( 3 ). Re-
verse cholesterol transport represents one important path-
way for cellular cholesterol removal, and many molecular 
factors have been implicated in its mediation ( 4–7 ). 

 One such group of molecules is the ATP-binding cas-
sette transporter family. The ABC transporter proteins 
mediate the unidirectional transport of a variety of sub-
strates across the plasma membrane and other cellular 
membranes. ABCA1-mediated phospholipidation of apoA-I 
is a necessary step in order for apoA-I to be able to solubi-
lize cholesterol ( 8 ). However, there is still much debate 
about the function of ABCG1. ABCG1 was initially iden-
tifi ed as one of the most highly activated genes in mac-
rophages heavily enriched with sterols ( 9 ). In vitro studies 
clearly demonstrate that expression of the ABCG1 gene 
stimulates cholesterol effl ux ( 10–13 ), but they also indi-
cate that ABCG1 shows little specifi city for any cholesterol 
acceptor. In fact, HDL, LDL, and phospholipid vesicles all 
serve as excellent cholesterol acceptors mediating ABCG1-
dependent cholesterol effl ux ( 10–12, 14, 15 ). Considering 
the wide arrange of acceptors, it has been proposed that 
ABCG1 does not directly transfer cholesterol to an accep-
tor but, rather, mobilizes cholesterol to the plasma mem-
brane where it can be incorporated with a cholesterol 
acceptor ( 11 ). 

      Abstract   Previous studies have demonstrated that the ATP-
binding cassette transporters (ABC)A1 and ABCG1 func-
tion in many aspects of cholesterol effl ux from macrophages. 
In this current study, we continued our investigation of 
extracellular cholesterol microdomains that form during 
enrichment of macrophages with cholesterol. Human mono-
cyte-derived macrophages and mouse bone marrow-derived 
macrophages, differentiated with macrophage colony-stim-
ulating factor (M-CSF) or granulocyte macrophage colony-
stimulation factor (GM-CSF), were incubated with acetylated 
LDL (AcLDL) to allow for cholesterol enrichment and pro-
cessing. We utilized an anti-cholesterol microdomain mono-
clonal antibody to reveal pools of unesterifi ed cholesterol, 
which were found both in the extracellular matrix and as-
sociated with the cell surface, that we show function in re-
verse cholesterol transport. Coincubation of AcLDL with 
50  � g/ml apoA-I eliminated all extracellular and cell surface-
associated cholesterol microdomains, while coincubation 
with the same concentration of HDL only removed extracel-
lular matrix-associated cholesterol microdomains. Only at 
an HDL concentration of 200 µg/ml did HDL eliminate the 
cholesterol microdomains that were cell-surface associated. 
The deposition of cholesterol microdomains was inhibited 
by probucol, but it was increased by the liver X receptor 
(LXR) agonist TO901317, which upregulates ABCA1 and 
ABCG1. Extracellular cholesterol microdomains did not de-
velop when ABCG1-defi cient mouse bone marrow-derived 
macrophages were enriched with cholesterol.   Our fi ndings 
show that generation of extracellular cholesterol microdo-
mains is mediated by ABCG1 and that reverse cholesterol 
transport occurs not only at the cell surface but also within 
the extracellular space.  —Freeman, S. R., X. Jin, J. J. Anz-
inger, Q. Xu, S. Purushothaman, M. B. Fessler, L. Addadi, 
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most human serum-differentiated macrophages, similar to 
fi broblasts, show no labeling with mAb 58B1 unless choles-
terol esterifi cation is inhibited. In contrast to the cell types 
above, without requiring inhibition of cholesterol esterifi -
cation, cholesterol-enrichment of human M-CSF-differen-
tiated, monocyte-derived macrophages induces extensive 
cholesterol microdomains that are both cell surface-as-
sociated and present within the extracellular matrix ( 19 ). 
Previous fi ndings suggest that unesterifi ed cholesterol-
rich microdomain deposition occurs through a two-step 
process in which macrophages fi rst accumulate unesteri-
fi ed cholesterol in the form of cell surface microdomains. 
These cell surface microdomains are subsequently depos-
ited onto the extracellular matrix through a mechanism 
requiring Src family kinase activity ( 19 ). Both cell surface-
associated and extracellular matrix-associated cholesterol 
microdomains can be mobilized by cholesterol acceptors, 
such as HDL and apoA-I ( 18, 19 ). ApoA-I, but not HDL, 
requires the presence of living macrophages in order to 
effect mobilization of the cholesterol microdomains ( 19 ), 
most likely because of the requirement for apoA-I to be 
phospholipidated before it can function as a cholesterol 
acceptor ( 8 ). 

 In the current study, we have continued our investiga-
tion of the hypothesis that mAb 58B1-labeled cholesterol 
microdomains represent a pool of unesterifi ed cholesterol 
that functions in reverse cholesterol transport, and we de-
termined the molecular mediator for generation of the 
novel extracellular matrix-associated cholesterol microdo-
mains. Here, we show that the generation of extracellular 
matrix-associated cholesterol microdomains in mac-
rophages is ABCG1-dependent and that apoA-I mobilizes 
cell surface-associated cholesterol microdomains more ef-
fi ciently than does HDL. 

 MATERIALS AND METHODS 

 Materials 
 RPMI-1640 was obtained from Mediatech (Herndon, VA); FBS 

and Dulbecco’s phosphate-buffered saline (DPBS) with Ca 2+  and 
Mg 2+  were obtained from Invitrogen (Carlsbad, CA); 6-well and 
12-well CellBIND plates were obtained from Corning (Corning, 
NY); human M-CSF, human GM-CSF, human interleukin-10 
(IL-10), mouse M-CSF and GM-CSF were obtained from Pepro-
Tech (Rocky Hill, NJ); acetylated LDL (AcLDL), and HDL were 
obtained from Intracel (Frederick, MD); apoA-I was obtained 
from Millipore (Billerica, MA); TO901317 was obtained from 
Cayman Chemical (La Jolla, CA); Oil Red O, glycerol-gelatin 
mounting media, probucol, BSA, penicillin-streptomycin, L-glu-
tamine, and Histopaque-1077 were obtained from Sigma (St. 
Louis, MO); mouse anti- (unesterifi ed) cholesterol microdomain 
mAb 58B1 IgM in ascites was produced as previously described 
( 20 ); mouse anti- Clavibacter michiganense  mAb (clone 9A1) IgM in 
ascites was obtained from Agdia (Elkhart, IN); paraformaldehyde 
was obtained from Polysciences (Warrington, PA); biotinylated 
goat anti-mouse IgM, hematoxylin QS, and Vectashield hard set 
mounting medium with 4’-6-diamidino-2-phenylindole (DAPI) 
were obtained from Vector Laboratories (Burlingame, CA); 
Streptavidin Alexa Fluor 488 Conjugate was obtained from Invit-
rogen (Grand Island, NY). 

 Many cell types are found in atherosclerotic plaques, 
which in turn create local regions with complex cytokine 
profi les. Monocytes migrating to these regions of the ves-
sel wall will be infl uenced by the local cytokine environ-
ment. In a previous study ( 16 ), we observed two macrophage 
cell types with differing antigen expression profiles, 
CD68+/CD14+ and CD68+/CD14 � , within human ath-
erosclerotic plaques. These two macrophage cell types 
resemble in morphology and antigen expression human 
monocyte-derived macrophages that are differentiated in 
vitro in fetal bovine serum with M-CSF or GM-CSF, re-
spectively ( 16 ). M-CSF-differentiated macrophages are 
elongated, while GM-CSF-differentiated macrophages 
are rounded ( 16, 17 ). The presence of different mac-
rophage phenotypes in atherosclerotic plaques dictates 
that these different macrophage phenotypes should be 
studied in vitro when attempting to learn about mac-
rophage cholesterol metabolism. In this regard, we have 
observed differences in the generation of cell-surface as-
sociated and extracellular matrix-associated cholesterol 
microdomains when various cell types are enriched with 
cholesterol ( 18, 19 ). 

 In earlier research, we detected these cholesterol micro-
domains with monoclonal antibody (mAb) 58B1, which 
labels ordered arrays of unesterifi ed cholesterol molecules 
in monolayers and cholesterol crystals rather than indi-
vidual cholesterol molecules ( 20–22 ). Cholesterol labeling 
can be eliminated by treatment of fi xed cells with choles-
terol oxidase or cyclodextrin, an agent that binds and re-
moves cholesterol from cholesterol-containing structures 
( 18 ). The antibody does not detect cholesteryl ester ( 20 ). 
We have used this antibody to label cell surface-associated 
cholesterol microdomains in cultured human skin fi bro-
blasts and human monocyte-derived macrophages dif-
ferentiated with human serum ( 18 ), a culture condition 
producing a phenotype characterized by a rounded shape 
similar to human monocytes cultured in fetal bovine se-
rum containing GM-CSF ( 16, 23 ). Only following choles-
terol enrichment of fi broblasts in the presence of an 
inhibitor of cholesterol esterifi cation do cell surface-asso-
ciated cholesterol microdomains in these cells become de-
tectable with mAb 58B1 ( 18 ). This presumably occurs 
because some of the buildup of cellular unesterifi ed cho-
lesterol localizes to the plasma membrane in preparation 
for cellular cholesterol effl ux. The cell surface-associated 
cholesterol microdomains do not form in mutant Nie-
mann-Pick Type C (NPC) fi broblasts, whose mutated Nie-
mann-Pick Type C protein leads to aberrant cholesterol 
traffi cking and trapping of unesterifi ed cholesterol within 
lysosomes ( 24, 25 ). Likewise, ketoconazole, an agent that 
inhibits transport of cholesterol from lysosomes to the cell 
surface ( 26 ), blocks the development of cell surface-associ-
ated cholesterol microdomains induced by cholesterol 
enrichment in the presence of a cholesterol esterifi cation 
inhibitor. 

 Following cholesterol enrichment of human serum-
differentiated macrophages, although rare macrophages 
show cholesterol microdomains at the cell surface or 
within the extracellular matrix adjacent to the macrophage, 
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 Immunostaining of macrophages 
 Fixation, immunostaining, and microscopy were all performed 

with macrophages in their original CellBIND culture plates, and 
all steps were carried out at room temperature. Macrophage cul-
tures were rinsed three times in DPBS, fi xed for 10 min with 4% 
paraformaldehyde in DPBS, and then rinsed an additional three 
times in DPBS. Macrophages were then incubated 60 min with 
5 µg/ml purifi ed mouse anti-cholesterol microdomain mAb 58B1 
IgM diluted in DPBS containing 0.1% BSA. Control staining was 
performed with 5 µg/ml of an irrelevant purifi ed mouse anti- -
Clavibacter michiganense  mAb (clone 9A1) IgM diluted in DPBS 
containing 0.1% BSA. Cultures were then rinsed three times 
(5 min each) in DPBS, followed by a 30-min incubation in 5 µg/ml 
biotinylated goat anti-mouse IgM diluted in DPBS containing 
0.1% BSA. After three rinses in DPBS (5 min each), cultures were 
incubated 10 min with 10 µg/ml Streptavidin Alex Fluor 488 di-
luted in DPBS. Cultures were then rinsed three times with DPBS 
and mounted in Vectashield hard-set mounting medium with 
DAPI nuclear stain in preparation for digital imaging using an 
Olympus IX81 fl uorescence microscope. Because macrophages 
were not permeabilized, mAb 58B1 staining represents cell sur-
face- or extracellular matrix-associated cholesterol labeling, the 
latter referred to as extracellular staining hereafter. No staining 
was observed when the control mAb was substituted for the anti-
cholesterol microdomain mAb. The immunostained cells shown 
in fi gures are representative of a minimum of fi ve microscopic 
fi elds viewed in one culture well. 

 Oil Red O staining of macrophages 
 Fixation, Oil Red O staining, and microscopy were all per-

formed with macrophages in their original CellBIND culture 
plates, and all steps were carried out at room temperature. One-
week-old human monocyte-derived macrophages were rinsed 
three times in DPBS, fi xed for 30 min in 4% paraformaldehyde 
in DPBS, and then rinsed an additional three times in DPBS. 
Then, macrophages were stained 15 min at room temperature 
with 1 ml of fi ltered Oil Red O staining solution. Oil Red O stain-
ing solution was prepared by dissolving Oil Red O in isopropanol 
to obtain a 3% solution (w/v). Then, this Oil Red O-isopropanol 
solution was diluted by adding two parts water to three parts Oil 
Red O-isopropanol solution, and the resulting staining solution 
was fi ltered (0.45 µm pore size). After Oil Red O staining, mac-
rophages were rinsed three times with water, stained 2 min with 
hematoxylin QS, rinsed with water, and then coverslipped with 
glycerol-gelatin mounting media. 

 Microscopic analysis 
 Cells were identifi ed using phase-contrast microscopy, or by 

locating DAPI-stained nuclei. The pattern and intensity of mAb 
58B1 staining were then analyzed for cultures from each experi-
mental parameter, and these data were compared with one an-
other. mAb 58B1-labeling was considered cellular if it was located 
within cell membrane boundaries, as identifi ed on the corre-
sponding phase-contrast view. Labeling was considered extracel-
lular if it was located outside the cell membrane boundaries seen 
on phase-contrast view. Different planes of focus were visualized 
before acquiring images to confi rm that only a monolayer of cells 
was present, thereby ensuring that labeling seen outside cell 
membrane boundaries did not represent cellular labeling from 
cells lying in a different plane of focus. 

 Quantifi cation of macrophage cholesterol 
 After incubations, human monocyte-derived macrophage cul-

tures were rinsed three times in DPBS. Macrophages were then 
harvested from wells by scraping into 1 ml distilled water. Thus, 

 Culture of human monocyte-derived macrophages 
 Mononuclear cells were obtained from human donors by 

monocytopheresis and subsequently purifi ed using counter-
fl ow centrifugal elutriation as previously described ( 27 ). 
Monocytopheresis was carried out under a human subjects re-
search protocol approved by a National Institutes of Health 
institutional review board. The resulting elutriated human 
monocytes were diluted in RPMI-1640 medium containing 
10% FBS and seeded on 6- or 12-well CellBIND plates at a den-
sity of 2 × 10 5  cells/cm 2 . Cultures were incubated in a 37 ° C cell 
culture incubator with 5% CO 2 /95% air for 2 h, and subsequently 
rinsed three times with RPMI-1640 to remove nonadherent 
cells. The remaining adherent cells were then differentiated 
with RPMI-1640 containing 10% FBS, 50 ng/ml M-CSF (hu-
man), and 25 ng/ml IL-10. As done previously, IL-10 was in-
cluded because it enhances the growth and differentiation of 
human monocytes cultured in M-CSF and creates a more ho-
mogenous macrophage phenotype for study ( 28 ). Cultures 
were rinsed and replaced with fresh media on day 6. The re-
sulting monocyte-derived macrophages were used for experi-
ments on day 7. 

 Human GM-CSF-differentiated, monocyte-derived macrophages 
were cultured in a similar manner except that the adherent mac-
rophages were differentiated with RPMI-1640 containing 10% 
FBS and 50 ng/ml GM-CSF (human). These GM-CSF cultures 
were rinsed and replaced with fresh media on days 3, 6, and 13, 
and were used for experiments on day 14. 

 All experiments were carried out with the same medium used 
for differentiation except that serum was omitted. 

 Culture of mouse monocyte- and bone marrow-derived 
macrophages 

 Male C57BL/6 and ABCG1  � / �   mice (C57BL/6 background) 
were generated as described previously ( 29 ). For culture of bone 
marrow-derived macrophages, femurs and tibias were isolated 
from mice and muscle were removed. Both ends of the bones 
were cut with scissors and then fl ushed with 5 ml of RMPI-1640 
with a 25 gauge needle. Cells were seeded at a density of 2 × 10 5  
nucleated bone marrow cells/cm 2  in 12-well CellBIND plates 
containing 1.5 ml per well of RPMI-1640 plus 10% FBS, 100 U/
ml penicillin, 0.1 mg/ml streptomycin, 2 mM L-glutamine, and 
50 ng/ml GM-CSF (mouse) to generate GM-CSF-differentiated 
macrophages. After a 24 h incubation at 37 ° C with 5% CO 2 /95% 
air, cells were rinsed three times with 1 ml RPMI-1640 to remove 
nonadherent cells, and then cultured further with 1.5 ml of RP-
MI-1640 containing 10% FBS, 100 U/ml penicillin, 0.1 mg/ml 
streptomycin, 2 mM L-glutamine, and 50 ng/ml GM-CSF. Cell 
culture medium was subsequently changed every three days with 
fresh medium as detailed above. After three weeks in culture, 
experiments were performed with serum-free RPMI-1640, 50 ng/ml 
GM-CSF, and the indicated additions. GM-CSF differentiation 
of mouse bone marrow-derived cells required three weeks to ac-
quire a near-uniform culture of macrophages with rounded, 
heavily vacuolated morphology. Culture of M-CSF-differentiated 
macrophages was identical to the procedure for GM-CSF-differ-
entiated macrophages, except that cells were incubated with 50 
ng/ml M-CSF (mouse) instead of GM-CSF, and experiments 
were performed after one week of culture. 

 Monocyte-derived macrophages were obtained by collecting 
blood from the orbital sinus as previously described ( 30 ). Mono-
nuclear cells were isolated from the blood using Histopaque-1077 
density centrifugation medium following the instructions pro-
vided by the manufacturer. Cells were seeded at a density of 4.2 × 
10 5  cells/cm 2  and cultured for two weeks with mouse M-CSF as 
described above. 
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progressively increased during incubation with AcLDL. Com-
pared with control macrophages incubated without AcLDL, 
human M-CSF-differentiated macrophages accumulated 426 
nmol total cholesterol/mg cell protein after one day, and 756 
nmol/mg after two days. As for esterifi ed cholesterol, mac-
rophages accumulated 100 nmol cholesterol/mg cell protein 
after one day and 370 nmol cholesterol/mg cell protein after 
two days. Unesterifi ed cholesterol levels raised 325 nmol/mg 
cell protein after one day and 384 nmol/mg cell protein after 
two days (  Table 1  ).  

 Extracellular cholesterol microdomains do not stain with 
Oil Red O 

 The continuous cycle of esterifi cation and hydrolysis of 
cholesterol converts potentially toxic unesterifi ed choles-
terol to its neutral esterifi ed form for storage, or converts 
cholesteryl esters into unesterifi ed cholesterol for mobiliza-
tion and effl ux ( 35 ). On the other hand, some cell types 
such as hepatocytes and intestinal epithelia cells secrete 
cholesteryl ester as a component of typically apoB-contain-
ing lipoproteins. We wanted to see if the extracellular 
cholesterol microdomains generated by human M-CSF-
differentiated macrophages showed any evidence that they 
contained esterifi ed cholesterol, and thus could be derived 
from some type of macrophage-derived esterifi ed cholester-
ol-containing lipoprotein. Cell cultures were incubated 
without or with AcLDL (50 µg/ml) for two days. Following 
fi xation, macrophages were stained either with Oil Red O 
(  Fig. 1A , B ),  which stains esterifi ed cholesterol (and triglyc-
eride), or with anti-cholesterol microdomain mAb 58B1 
( Fig. 1C, D ). Cholesterol-enrichment of macrophages 
caused generation of extracellular anti-cholesterol micro-
domain mAb staining as reported by us previously ( Fig. 1D ) 
( 19 ). While the cholesterol-enriched macrophages stained 
bright red consistent with their accumulation of cholesteryl 
ester-rich lipid droplets, no Oil Red O staining was observed 
in the extracellular space ( Fig. 1B ), suggesting that if the 
cholesterol microdomains do contain esterifi ed cholesterol, 
it is not in a form that can be stained with Oil Red O. Mac-
rophages not incubated with AcLDL showed no staining 
with either Oil Red O ( Fig. 1A ) or anti-cholesterol microdo-
main mAb 58B1 ( Fig. 1C ). 

 Extracellular cholesterol microdomains can be eliminated 
by cyclodextrin treatment 

 We next tested whether staining with anti-cholesterol 
microdomain mAb 58B1 can be eliminated by treatment 

cholesterol measurements represent both macrophage- and ex-
tracellular matrix-associated cholesterol. Lipid was extracted 
from the resulting cell suspension using the Folch method ( 31 ), 
and quantities of esterifi ed and unesterifi ed cholesterol were de-
termined using the method previously described by Gamble et al. 
( 32 ). Protein quantifi cation was performed on an aliquot of cell 
lysate using the Lowry method with BSA as a standard ( 33 ). 

 Analysis of  125 I-AcLDL cell association and degradation 
 Macrophage uptake of  125 I-AcLDL was assessed by measuring 

cell-associated and degraded  125 I-AcLDL according to the method 
previously described by Goldstein et al. ( 34 ). A portion of culture 
media was centrifuged at 15,000  g  for 10 min, and trichloroacetic 
acid-soluble organic iodide radioactivity was measured to quan-
tify lipoprotein degradation. Cell-associated  125 I-AcLDL was as-
sessed as follows. Macrophages were rinsed three times with 
DPBS containing 0.2% BSA, followed by three rinses with DPBS, 
all at 4°C. Macrophages were dissolved overnight in 0.1 M NaOH 
at 37°C, and then assayed for  125 I radioactivity with a  �  counter. 
 125 I radioactivity values for wells incubated with  125 I-AcLDL with-
out macrophages were subtracted from  125 I radioactivity values 
obtained for macrophages incubated with  125 I-AcLDL. Values 
were less than 1% of cell-associated  125 I-AcLDL. Protein quantifi -
cation was performed on an aliquot of cell lysate using the Lowry 
method ( 33 ) with BSA as a standard.  125 I-AcLDL uptake is pre-
sented as the sum of cell-associated  125 I-AcLDL and degraded  125 I-
AcLDL. 

 Statistical analysis 
 Data are presented as the mean ± SEM. Means were deter-

mined with three replicate wells. An unpaired, two-tailed Student 
 t -test or one-way ANOVA was used for statistical comparisons as 
indicated. A  P  value  �  0.05 was considered signifi cant. 

 RESULTS 

 Human M-CSF-differentiated macrophage cholesterol 
accumulation 

 Our previous study showed continuous increase in extra-
cellular cholesterol microdomains generated by human M-
CSF-differentiated macrophages over a two-day incubation 
( 19 ). To follow the cholesterol enrichment process in mac-
rophages incubated with AcLDL, we quantifi ed esterifi ed 
and unesterifi ed cholesterol levels over a two-day incubation 
of human M-CSF-differentiated macrophage cell cultures 
with AcLDL (50 µg/ml). Serum was not included in the cul-
ture media at this point to eliminate any serum-mediated 
cholesterol effl ux. Total and esterifi ed cholesterol levels 

 TABLE 1. Time course of macrophage cholesterol accumulation 

Condition

Cholesterol

Esterifi ed CholesterolTotal Unesterifi ed Esterifi ed

 nmol/mg cell protein  % 
No addition (one day) 136 ± 16 136 ± 16 1 ± 0 1 ± 0
AcLDL (one day) 562 ± 23 461 ± 17 101 ± 6 18 ± 0
No addition (two days) 104 ± 2 104 ± 2 1 ± 2 1 ± 2
AcLDL (two days) 860 ± 75 488 ± 27 371 ± 51 43 ± 2

One-week-old human M-CSF-differentiated, monocyte-derived macrophage cultures were incubated for one 
or two days without or with 50 µg/ml AcLDL. Then macrophage cultures were analyzed for their unesterifi ed and 
esterifi ed cholesterol contents.
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cholesterol microdomains in the extracellular space, but 
did not eliminate the microdomains at the cell surface 
( Fig. 3G, H ). Some of the microdomains that remained at 
the cell surface were large intense green staining regions 
in contrast to smaller green staining punctated cell-surface 
regions. However, we could not determine whether these 
different staining patterns were due to a lack of resolution 
by fl uorescence microscopy of densely packed small green 
staining microdomains. 

 Neither apoA-I nor HDL prevented macrophage accu-
mulation of lipid droplets (observed in  Fig. 3C, E, G ) in-
duced during incubation of macrophages with AcLDL. 
The effect of apoA-I to eliminate all cholesterol microdo-
mains, while HDL only prevented the generation of the 
extracellular cholesterol microdomains was surprising. Be-
cause the presence of HDL during macrophage choles-
terol enrichment did not eliminate cell surface-associated 
cholesterol microdomain generation, we tested whether 
increasing HDL concentration could eliminate these cell 
surface-associated cholesterol microdomains. We incu-
bated human M-CSF-differentiated macrophages for two 
days with AcLDL, and varying concentrations of HDL (0, 
25, 50, 100, and 200 µg/ml) (50 and 100  � g/ml are not 
shown) (  Fig. 4  ).  At an HDL concentration of 25  � g/ml, 
extracellular cholesterol microdomains were eliminated, 
but cell surface-associated cholesterol microdomains re-
mained ( Fig. 4C, D ). Only at an HDL concentration of 200 
 � g/ml were cell surface-associated cholesterol microdo-
mains eliminated ( Fig. 4E, F ). Taken together, these re-
sults suggest that apoA-I is more effi cient than HDL at 
either preventing the generation of or mobilizing choles-
terol from those cholesterol microdomains that are cell 
surface-associated. 

 To ensure that the presence of neither HDL nor apoA-I 
affected AcLDL uptake and therefore cholesterol enrich-
ment, we incubated human M-CSF-differentiated mac-
rophages with  125 I-AcLDL alone, or  125 I-AcLDL with either 

of cholesterol-enriched macrophages with methyl- � -
cyclodextrin, an agent that complexes cholesterol and 
thus, can cause its effl ux from cells ( 36 ). After cholesterol 
microdomains were generated in macrophages through 
cholesterol enrichment with AcLDL (50 µg/ml) for two 
days, the macrophages were treated 1 h either without or 
with 5 mM methyl- � -cyclodextrin added to RPMI-1640 me-
dia. Then, the macrophages were fi xed and stained with 
anti-cholesterol microdomain mAb 58B1.   Fig. 2    shows that 
methyl- � -cyclodextrin pretreatment completely elimi-
nated anti-cholesterol microdomain mAb 58B1 staining 
consistent with the cholesterol microdomain specifi city of 
this antibody. 

 ApoA-I is a more effi cient than HDL in mobilizing cell-
associated cholesterol microdomains 

 In our previous study, following macrophage choles-
terol enrichment, incubation of macrophages with apoA-I 
or HDL resulted in decreased cell surface-associated 
and extracellular cholesterol microdomain staining. We 
wanted to determine if HDL or apoA-I would produce a 
similar result if incubated simultaneously with AcLDL dur-
ing macrophage cholesterol enrichment. Thus, we incu-
bated human M-CSF-differentiated macrophages for two 
days with AcLDL (50 µg/ml) both without and with a cho-
lesterol acceptor, either 50 µg/ml HDL or 50 µg/ml 
apoA-I. Incubation with AcLDL generated cholesterol mi-
crodomains both at the cell surface, as well as in the extra-
cellular space (  Fig. 3C , D ).  No cholesterol microdomains 
were present without macrophage cholesterol enrichment 
with AcLDL ( Fig. 3A, B ). In addition, no cholesterol mi-
crodomains were observed when macrophages were incu-
bated simultaneously with AcLDL and apoA-I ( Fig. 3E, F ). 
Inclusion of apoA-I even at a concentration as low as 12.5 
µg/ml eliminated the cholesterol microdomains induced 
by AcLDL (data not shown). Incubation of macrophages 
simultaneously with AcLDL and HDL (50 µg/ml) eliminated 

  Fig.   1.  Extracellular cholesterol microdomains do 
not stain with Oil Red O. One-week-old human M-
CSF-differentiated, monocyte-derived macrophage 
cultures were incubated for two days without (A and 
C) or with 50 µg/ml AcLDL (B and D), fi xed, and 
then stained with either Oil Red O (A and B) or anti-
cholesterol microdomain mAb 58B1 (C and D). 
Macrophages were visualized using phase-contrast 
microscopy, and staining was visualized with fl uores-
cence microscopy (red fl uorescence for Oil Red O in 
A and B; green fl uorescence for anti-cholesterol mi-
crodomain mAb 58B1 in C and D). Fluorescence 
and phase-contrast images were superimposed to 
produce the images shown. Bar = 100 µm and applies 
to all.   
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(extracellular and cell surface-associated) so that almost 
all macrophages showed intense labeling with the anti-
cholesterol microdomain mAb 58B1 mAb ( Fig. 6C, D ). In 
contrast, addition of probucol inhibited most of the cho-
lesterol microdomain generation ( Fig. 6E, F ). To ensure 
that the presence of neither probucol nor TO901317 af-
fected AcLDL uptake, we performed an analysis of  125 I-
AcLDL uptake. Neither probucol nor TO901317 affected 
 125 I-AcLDL uptake (  Fig. 7  ).  Further, neither probucol nor 
TO901317 affected macrophage cholesterol accumulation 
induced by AcLDL (supplementary Fig. II). 

 Induction of cholesterol microdomains in human GM-
CSF-differentiated, monocyte-derived macrophages 

 We attempted to induce cholesterol microdomains in 
human GM-CSF-differentiated, monocyte-derived mac-
rophages by two-day incubation with 50 µg/ml AcLDL, 
similar to the incubation condition that induces cho-
lesterol microdomains in human M-CSF-differentiated, 
monocyte-derived macrophages. Subsequent staining with 
mAb 58B1 revealed only minimal generation of choles-
terol microdomains (data not shown). We therefore in-
creased the incubation time with AcLDL to 5 days. With 
the increased incubation time, only a few GM-CSF-differ-
entiated macrophages generated cell surface-associated 
cholesterol microdomains (  Fig. 8C , D ),  while control mac-
rophages incubated without AcLDL showed no staining 
( Fig. 8A, B ). 

 Cholesterol microdomain generation is 
ABCG1-dependent 

 Our earlier and current fi ndings indicate that apoA-I and 
HDL can mobilize cholesterol from both the cell surface-
associated and extracellular cholesterol microdomains. Mo-
bilization by apoA-I requires the presence of macrophages, 
while HDL-mediated cholesterol microdomain mobiliza-
tion does not ( 19 ). Because HDL-mediated macrophage 

50 µg/ml apoA-I, 50 µg/ml HDL, or 200 µg/ml HDL.  125 I-
AcLDL uptake was not signifi cantly affected by the pres-
ence of 50 µg/ml apoA-I or 50 µg/ml HDL. The addition 
of 200 µg/ml HDL signifi cantly but only slightly decreased 
 125 I-AcLDL uptake by 13% (  Fig. 5  ).  Thus, decreased up-
take of  125 I-AcLDL cannot explain the absence of cholesterol 
microdomains when macrophages were cholesterol-en-
riched in the presence of HDL or apoA-I. Cholesterol 
enrichment occurred with all incubations with AcLDL re-
gardless of whether apoA-I or HDL were present (supple-
mentary Fig. I). However, ApoA-I and HDL did decrease 
macrophage cholesterol accumulation induced by AcLDL, 
with apoA-I decreasing cholesterol accumulation greater 
than HDL. 

 TO901317 increases and probucol decreases 
development of extracellular cholesterol microdomains 

 Previous studies have shown that LXR activation, such 
as by the drug TO901317, increases cholesterol effl ux, in 
part through the up-regulation of ABC transporter pro-
teins such as ABCA1 and ABCG1 ( 37 ). Probucol, an anti-
hyperlipidemic drug, inhibits ABCA1 ( 38, 39 ), but no 
studies have shown conclusively whether probucol can in-
hibit other members of the ABC transporter protein fam-
ily, such as ABCG1. We therefore hypothesized that if ABC 
transporter proteins functioned in generation of choles-
terol microdomains, then TO901317 would increase the 
rate of cholesterol microdomain generation, while probu-
col could potentially inhibit cholesterol microdomain 
generation. To test these ideas, we incubated human M-
CSF-differentiated macrophages for one day with AcLDL 
(50 µg/ml) without and with 10 µM probucol or 5 µM 
TO901317. During the one-day incubation with AcLDL, 
most but not all macrophages generated cholesterol mi-
crodomains, which were typically associated with the cell 
surface (  Fig. 6A , B ).  However, the addition of TO901317 
increased the amount of the cholesterol microdomains 

  Fig.   2.  Methyl- � -cyclodextrin eliminates anti-cho-
lesterol microdomain mAb 58B1 staining. One-week-
old human M-CSF-differentiated, monocyte-derived 
macrophage cultures were incubated for two days 
with 50 µg/ml AcLDL. Next, macrophage cultures 
were treated 1 h either without (A and B) or with 
5 mM methyl- � -cyclodextrin (C and D) added to RP-
MI-1640 media. Then, the macrophages were fi xed 
and stained with anti-cholesterol microdomain mAb 
58B1. In A and C macrophages were visualized using 
phase-contrast microscopy. In B and D, cholesterol 
microdomains were visualized by fl uorescence mi-
croscopy using anti-cholesterol microdomain mAb 
58B1 (green), and nuclei were imaged with DAPI 
fl uorescence staining (blue). Left- and right-hand 
columns are corresponding microscopic fi elds. Bar = 
50 µm and applies to all.   
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antibody. Wild-type mouse M-CSF-differentiated mac-
rophages incubated with AcLDL generated mostly extracel-
lular but only some rare cell surface-associated cholesterol 
microdomains (  Fig. 9A , B ).  Similar to what we observed 
for human M-CSF-differentiated macrophages, probucol 
greatly diminished cholesterol microdomains in the wild-
type mouse M-CSF-differentiated macrophages incubated 
with AcLDL ( Fig. 9C, D ). 

 Mouse macrophages cultured from monocytes showed 
a similar pattern of mainly extracellular cholesterol mi-
crodomain labeling (supplementary Fig. III); albeit far 
fewer macrophages showed extracellular staining. Thus, 
the mouse M-CSF-differentiated macrophages regard-
less of origin from blood or bone marrow showed simi-
lar predominant extracellular cholesterol microdomain 
labeling, but were different from human M-CSF-differ-
entiated macrophages that showed not only extracellu-
lar but also cell-associated cholesterol microdomain 
labeling. When enriched with cholesterol, the wild-type 

cholesterol effl ux depends on ABCG1 but not on ABCA1, 
our fi ndings suggested that ABCG1 might be functioning to 
generate the cholesterol microdomains. To test this possi-
bility, we examined cholesterol microdomain generation 
in bone marrow-derived macrophages cultured from wild-
type and ABCG1  � / �   mice. When incubated with AcLDL, 
C57BL/6 mouse macrophages differentiated with either 
mouse M-CSF or GM-CSF produced extracellular cholesterol 
microdomains that labeled with the mAb 58B1 monoclonal 

  Fig.   3.  ApoA  -I is more effi cient than HDL in eliminating choles-
terol microdomains. One-week-old human M-CSF-differentiated, 
monocyte-derived macrophage cultures were incubated for two 
days without (A and B) or with 50 µg/ml AcLDL (C and D). Addi-
tional wells were incubated for two days with 50 µg/ml AcLDL in 
the presence of either 50 µg/ml apoA-I (E and F) or 50 µg/ml 
HDL (G and H). In A, C, E, and G, macrophages were visualized 
using phase-contrast microscopy. In B, D, F, and H, cholesterol mi-
crodomains were visualized by fl uorescence microscopy using 
anti-cholesterol microdomain mAb 58B1 (green), and nuclei 
were imaged with DAPI fl uorescence staining (blue). Left- and 
right-hand columns are corresponding microscopic fi elds. At the 
concentration tested, both HDL and apoA-I eliminated extracel-
lular cholesterol microdomains, but only apoA-I eliminated cell 
surface-associated cholesterol microdomains. Arrowheads indi-
cate lipid droplets within the macrophages. Bar = 50 µm and ap-
plies to all.   

  Fig.   4.  Only high levels of HDL eliminate cell surface-associated 
cholesterol microdomains. One-week-old human M-CSF-differenti-
ated, monocyte-derived macrophage cultures were incubated for 
two days with 50 µg/ml AcLDL in the absence (A and B) or pres-
ence of 25 µg/ml HDL (C and D) or 200 µg/ml HDL (E and F). In 
A, C, and E, macrophages were visualized using phase- contrast mi-
croscopy. In B, D, and F, cholesterol microdomains were visualized 
by fl uorescence microscopy using anti-cholesterol microdomain 
mAb 58B1 (green), and nuclei were imaged with DAPI fl uorescence 
staining (blue). Left- and right-hand columns are corresponding 
microscopic fi elds. HDL eliminated extracellular cholesterol mi-
crodomains at a concentration of 25 µg/ml, but it did not elim-
inate cell surface-associated cholesterol microdomains until a 
concentration of 200 µg/ml HDL was reached. Bar = 100 µm and 
applies to all.   
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 DISCUSSION 

 Previous studies have focused on cholesterol effl ux due 
to HDL mobilization of cholesterol from the plasma mem-
brane of cells such as macrophages. In our studies ( 18, 19 ), 
we have shown that in addition to cell surface-associated 
cholesterol, extracellular matrix-associated cholesterol is a 
novel cholesterol pool functioning in reverse cholesterol 
transport. Both cell surface-associated and extracellular 
matrix-associated pools of cholesterol are visualized with 
anti-cholesterol microdomain Mab58B1 under conditions 
of macrophage enrichment with cholesterol. Importantly, 
extracellular matrix-associated cholesterol domains can 
be detected with Mab58B1 in human atherosclerotic 
plaques ( 19 ). Vaughan and Oram ( 11, 40 ) described both 
ABCG1- and ABCA1-mediated development of cellular 
cholesterol microdomains that were accessible to choles-
terol oxidase, and thus, these cholesterol microdomains 
were presumably located in the plasma membrane. How-
ever, our fi nding of macrophage deposition of cholesterol 
into the extracellular matrix shows that cholesterol suscep-
tibility to cholesterol-oxidase should not be assumed to 

mouse GM-CSF-differentiated macrophage phenotype 
produced an extracellular staining pattern with anti-
cholesterol microdomain mAb 58B1 different from the 
staining pattern observed with M-CSF-differentiated 
macrophages. A halo-like staining pattern surrounding 
the GM-CSF-differentiated macrophages was observed 
(arrowheads in   Fig. 10A , B ).   However, these cholesterol 
microdomains were not intrinsically part of the plasma 
membrane because anti-cholesterol staining persisted 
even where macrophages apparently had detached from 
the culture surface leaving behind cholesterol microdo-
main staining. In these cases, the halo pattern of stain-
ing was replaced by spherical areas of staining revealing 
cholesterol microdomains that accumulated between 
the bottom surface of the macrophage and the culture 
dish (arrows in  Fig. 10A, B ). Similar to mouse M-CSF-
differentiated macrophages, no cell surface-associated 
cholesterol microdomains were visualized with mouse 
GM-CSF-differentiated macrophages. 

 In contrast to the cholesterol microdomains that devel-
oped when wild-type mouse macrophages were enriched 
with cholesterol, no cholesterol microdomains developed 
in mouse ABCG1  � / �   macrophages when these macrophages 
were enriched with cholesterol ( Figs. 9E, F and 10C, D ). 
This result was not due to decreased uptake of AcLDL 
by ABCG1  � / �   macrophages, because M-CSF-differenti-
ated wild-type and ABCG1  � / �   macrophages took up simi-
lar amounts of  125 I-AcLDL, and GM-CSF-differentiated 
ABCG1  � / �   macrophages took up about twice as much  125 I-
AcLDL as GM-CSF-differentiated wild-type macrophages 
(data not shown). Moreover, substantial cholesterol en-
richment occurred in both wild-type and ABCG1  � / �   mouse 
macrophages (  Table 2  ).  Taken together, these results show 
that the ABCG1 transporter was necessary for the genera-
tion of the cholesterol microdomains in both macrophage 
phenotypes. 

  Fig.   5.  ApoA-I and HDL do not substantially affect AcLDL up-
take. One-week-old human M-CSF-differentiated, monocyte-derived 
macrophage cultures were incubated for two days with 50 µg/ml 
 125 I-AcLDL without or with 50 µg/ml apoA-I, 50 µg/ml HDL, or 
200 µg/ml HDL, after which total  125 I-AcLDL uptake (i.e., sum of 
cell-associated and degraded  125 I-AcLDL) was determined. Only in-
cubation with 200 µg/ml HDL showed a slight (13%) decrease in 
 125 I-AcLDL uptake. Statistical signifi cance ( P   �  0.05) was determined 
using the Student  t -test.   

  Fig.   6.  TO901317 increases and probucol diminishes the genera-
tion of extracellular cholesterol microdomains. One-week-old hu-
man M-CSF-differentiated, monocyte-derived macrophage cultures 
were incubated for one day with 50 µg/ml AcLDL without drug 
(A and B), with 5 µM TO901317 (C and D), or with 10 µM probucol 
(E and F). In A, C, and E, macrophages were visualized using phase-
contrast microscopy. In B, D, and F, cholesterol microdomains 
were visualized by fl uorescence microscopy using anti-cholesterol 
microdomain mAb 58B1 (green), and nuclei were imaged with 
DAPI fl uorescence staining (blue). Left- and right-hand columns 
are corresponding microscopic fields. Bar = 50 µm and applies 
to all.   

 at N
IH

 Library, on O
ctober 27, 2014

w
w

w
.jlr.org

D
ow

nloaded from
 

.html 
http://www.jlr.org/content/suppl/2013/11/08/jlr.M044552.DC1
Supplemental Material can be found at:

http://www.jlr.org/
http://www.jlr.org/content/suppl/2013/11/08/jlr.M044552.DC1.html 
http://www.jlr.org/content/suppl/2013/11/08/jlr.M044552.DC1.html 


ABCG1 and extracellular cholesterol 123

microdomain traffi cking. Burgess et al. ( 41 ) have described 
that J774 mouse macrophages show a lipid-containing bind-
ing site for apoA-I that underlies these cultured macro-
phages. It will be of interest in future studies to determine 
whether cholesterol microdomains colocalize with these 
apoA-I binding sites. 

 The extracellular cholesterol microdomains did not 
stain with Oil Red O indicating that the microdomains do 
not contain appreciable amounts of neutral lipid such 
as cholesteryl ester or triglyceride. This is consistent with 
the specifi city of the antibody for unesterifi ed cholesterol 
rather than cholesteryl ester ( 20 ), and the fact that mac-
rophages typically excrete unesterifi ed rather than esteri-
fi ed cholesterol ( 42 ). Previous experiments using mAb 
58B1 show that cholesterol microdomains in the extracel-
lular matrix increase between day 1 and day 2 ( 19 ). Thus, 
macrophages clear their excess unesterifi ed cholesterol 
both by cholesterol esterifi cation with storage in lipid 
droplets ( 35 ), and removal to cholesterol microdomains 
within the extracellular matrix. Previous work from our 
lab has shown that the compound, SU6656, inhibits cho-
lesterol microdomain deposition into the extracellular 
matrix, while inducing a concomitant increase in cell sur-
face-associated cholesterol microdomain labeling ( 19 ). 
This is consistent with cholesterol microdomains forming 
at the cell surface and then being shed into the extracel-
lular matrix by an active cell-dependent process. Such se-
questration of cholesterol within the extracellular matrix 
may minimize the potential toxicity of cholesterol that 
might otherwise be physically associated with the plasma 
membrane. 

 We found that the ABC transporter protein ABCG1 was 
necessary for macrophage generation of extracellular cho-
lesterol microdomains because the extracellular choles-
terol microdomains did not develop when ABCG1  � / �   
mouse macrophages were enriched with cholesterol. Con-
sistent with this fi nding in ABCG1  � / �   mouse macrophages, 

localize cholesterol to the plasma membrane, but alterna-
tively could be cholesterol that has deposited within the 
extracellular matrix. 

 Mouse GM-CSF-differentiated and M-CSF-differenti-
ated, bone marrow-derived macrophages showed very dif-
ferent patterns of extracellular cholesterol microdomains. 
All the cholesterol microdomains generated by GM-CSF-
differentiated macrophages were closely associated with 
the macrophage cell surface underlying macrophages, 
while the opposite was the case for M-CSF-differentiated 
macrophages where most cholesterol microdomains were 
dispersed throughout the adjacent extracellular matrix. 
The reason for these cell type differences is not clear but 
could refl ect an effect of differences in amount and com-
position of extracellular matrix production on cholesterol 

  Fig.   7.  Probucol and TO901317 do not affect AcLDL uptake. 
One-week-old human M-CSF-differentiated, monocyte-derived mac-
rophage cultures were incubated for one day with 50 µg/ml  125 I-
AcLDL without or with either 10 µM probucol or 5 µM TO901317, 
after which total  125 I-AcLDL uptake (i.e., sum of cell-associated and 
degraded  125 I-AcLDL) was determined. There were no signifi cant 
differences ( P   �  0.05) using the Student  t -test.   

  Fig.   8.  Human GM-CSF-differentiated, monocyte-
derived macrophages produce some cholesterol 
microdomains. One-week-old human GM-CSF-
differentiated, monocyte-derived macrophage cul-
tures were incubated for 5 days without (A and B) or 
with 50 µg/ml AcLDL (C and D) to generate choles-
terol microdomains. In A and C, macrophages were 
visualized using phase-contrast microscopy. In B and 
D, cholesterol microdomains were visualized by fl uo-
rescence microscopy using anti-cholesterol microdo-
main mAb 58B1 (green), and nuclei were imaged 
with DAPI fl uorescence staining (blue). Left- and 
right-hand columns are corresponding microscopic 
fi elds. The arrows point to some examples of mac-
rophages showing anti-cholesterol mAb 58B1 stain-
ing. Bar = 50 µm and applies to all.   
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results we observed in our current study in which simulta-
neous incubation of macrophages with AcLDL and either 
HDL or apoA-I was employed. Under the present simulta-
neous incubation condition, macrophages may be contin-
uously effl uxing cholesterol processed from AcLDL. Thus, 
this simultaneous incubation condition could more read-
ily saturate cholesterol effl ux pathways and cholesterol ac-
ceptors. Consistent with this possibility, simultaneous 
incubation of macrophages with AcLDL and 50 µg/ml 
HDL eliminated extracellular cholesterol microdomains, 
but did not eliminate a pool of cell surface-associated cho-
lesterol microdomains that was relatively resistant to HDL 
removal. These cell surface-associated cholesterol mi-
crodomains were eliminated when HDL concentration 
reached 200 µg/ml. In contrast, addition of apoA-I at 
a concentration as low as 12.5 µg/ml to incubations of 
macrophages with AcLDL eliminated development of 
both extracellular and cell surface-associated cholesterol 
microdomains. 

 The fi ndings above suggest that both apoA-I and HDL 
can effi ciently mobilize extracellular cholesterol micro
domains. However, compared with HDL, apoA-I more ef-
fi ciently mobilizes cell surface-associated cholesterol mi-
crodomains. This idea is consistent with previous fi ndings. 
ApoA-I added to macrophages generates nascent HDL dis-
coidal particles ( 43 ). These nascent HDL discs are much 
more effi cient acceptors of cholesterol than mature HDL 
( 11, 44 ), and this could explain the difference we observed 
between HDL and apoA-I in the effi ciency of mobilization 
of cell surface-associated cholesterol microdomains. Fur-
thermore, it is possible that the cell surface-associated 
cholesterol microdomains form from ABCA1 action be-
cause cholesterol efflux mediated by this ABC trans-
porter is more effi cient with apoA-I compared with HDL 
( 10, 45–47 ). 

 Probucol inhibited generation of both extracellular and 
cell surface-associated cholesterol microdomains. While 
probucol is known to inhibit ABCA1 ( 38, 39 ), it is not 
known whether probucol can inhibit ABCG1. Thus, probu-
col inhibition of cholesterol microdomain generation 
could either be due to a direct effect on ABCG1, or be due 
to probucol inhibition of ABCA1 that facilitates formation 
of the cholesterol microdomains, a point we plan to exam-
ine in future studies. 

 Studies of reverse cholesterol transport have demon-
strated synergism between ABCG1 and ABCA1 transport-
ers in mediating cellular cholesterol effl ux ( 13, 14, 48, 49 ). 
In contrast to ABCA1 that can mediate cholesterol effl ux 
in the presence of apoA-I or other amphipathic apolipo-
proteins that become phospholipidated through ABCA1 
action, ABCG1 can only mediate cholesterol effl ux to 
phospholipid or apolipoproteins that have already associ-
ated with phospholipid such as occurs in HDL ( 10–12 ). 
ABCG1-generated extracellular cholesterol microdomains 
may be one source of cholesterol that ABCA1-generated 
HDL mobilizes. 

 We previously showed that apoA-I was not suffi cient in 
the absence of macrophages (and hence ABCA1) to mobilize 
cholesterol from the extracellular cholesterol microdomains 

the LXR agonist, TO901317, which upregulates ABCG1 
( 10, 12 ), increased generation of cholesterol microdo-
mains in human M-CSF-differentiated macrophages. We 
could not evaluate the role of ABCG1 in generation of cell 
surface-associated cholesterol microdomains because cho-
lesterol-enrichment did not generate these microdomains 
in the mouse macrophages. In any case, our fi ndings indi-
cate that ABCG1 mediates effl ux to cholesterol accep-
tors not only by processing cholesterol for effl ux from the 
macrophage plasma membrane, but also for effl ux of cho-
lesterol deposited by macrophages into the extracellular 
matrix. 

 Our previous study showed that cholesterol microdo-
mains generated by macrophages incubated with AcLDL 
for one day, were eliminated during a subsequent one day 
incubation with HDL or apoA-I, agents that mediate cho-
lesterol effl ux ( 19 ). This was somewhat different from the 

  Fig.   9.  ABCG1 is necessary for mouse M-CSF-differentiated, bone 
marrow-derived macrophage generation of cholesterol microdo-
mains. One-week-old mouse wild-type (A–D) and ABCG1  � / �   (E, F) 
bone-marrow-derived macrophage cultures were incubated for 
5 days with 50 µg/ml AcLDL. In C and D, 10 µM probucol was added 
to the incubation. In A, C, and E, macrophages were visualized us-
ing phase-contrast microscopy. In B, D, and F, cholesterol micro-
domains were visualized by fluorescence microscopy using 
anti-cholesterol microdomain mAb 58B1 (green), and nuclei were 
imaged with DAPI fl uorescence staining (blue). Left- and right-
hand columns are corresponding microscopic fi elds. Probucol de-
creased generation of extracellular cholesterol microdomains by 
wild-type macrophages incubated with AcLDL. ABCG1  � / �   mice in-
cubated with AcLDL did not generate extracellular cholesterol 
microdomains. Arrows indicate extracellular cholesterol microdo-
mains, and arrowheads indicate cell surface-associated cholesterol 
microdomains. Bar = 50 µm and applies to all.   
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cholesterol at some degree of accumulation becomes cyto-
toxic or functions as a chemotactic signal for additional 
macrophage infl ux, and thus contributes to the athero-
genic process. If this were so, then probucol inhibition of 
extracellular cholesterol microdomains generation could 
explain why probucol can be anti-atherogenic even though 
it inhibits ABCA1-mediated HDL formation. On the other 
hand, as long as the ABCG1 deposited extracellular cho-
lesterol pool can be effectively mobilized by ABCA1-gener-
ated HDL, the ABCG1 function that generates extracellular 
cholesterol deposition could be anti-atherogenic. This 
idea is consistent with the previous fi nding that ABCG1 is 
atherogenic in the absence of ABCA1 function ( 53, 54 ), 
and the known synergy between ABCG1 and ABCA1 in 
mediating cellular cholesterol effl ux ( 13, 14, 48, 49 ). 

 ABCG1 has been implicated in intracellular cholesterol 
traffi cking as well as effl ux of cholesterol and certain cyto-
toxic oxysterols ( 55–57 ). We have now shown that ABCG1 
functions in generation of the extracellular cholesterol 
microdomains by cholesterol-enriched foam cell macro-
phages. The extracellular cholesterol microdomains could 
serve dual functions. Extracellular cholesterol microdo-
mains function in ABCG1-mediated cholesterol removal. 
Also, because, like certain oxysterols, excess unesterifi ed 

that we now show are formed by ABCG1 ( 19 ). The inef-
fectiveness of apoA-I is presumably because apoA-I re-
quires ABCA1-mediated phospholipidation before it can 
mobilize cholesterol. Although extracellular cholesterol 
microdomains could be associated with phospholipid 
(ABCG1 mediates excretion of phospholipid in addition 
to cholesterol ( 50 )), the phospholipid in the extracellular 
cholesterol microdomains may not be of suitable composi-
tion or physical form to associate with apoA-I, thus preclud-
ing mobilization of extracellular microdomain cholesterol 
by lipid-poor apoA-I. It is known that cholesterol added to 
phospholipid vesicles stabilizes the vesicles and inhibits 
their conversion by apoA-I into smaller discoidal particles 
( 51 ). In a similar manner, the extracellular cholesterol 
microdomain-containing particles may not be susceptible 
to mobilization by lipid-poor apoA-I. 

 The function of ABCG1 in atherosclerosis development 
remains controversial. Although knockout and overex-
pression studies of ABCG1 demonstrate its function in ef-
fl ux of cholesterol from cells, other studies have drawn 
confl icting conclusions as to whether ABCG1 function is 
atherogenic or anti-atherogenic ( 52 ). It is conceivable that 
in the absence of effective mobilization of extracellu-
lar cholesterol microdomains, the deposited extracellular 

  Fig.   10.  ABCG1 is necessary for mouse GM-CSF-
differentiated, bone marrow-derived macrophage 
generation of cholesterol microdomains. Three-
week-old mouse wild-type (A and B) and ABCG1  � / �   
(C and D) GM-CSF-differentiated, bone marrow-de-
rived macrophage cultures were incubated for 5 days 
with 50 µg/ml AcLDL to generate cholesterol micro-
domains. In A and C, macrophages were visualized 
using phase-contrast microscopy. In B and D, choles-
terol microdomains were visualized by fl uorescence 
microscopy using anti-cholesterol microdomain mAb 
58B1 (green), and nuclei were imaged with DAPI 
fl uorescence staining (blue). Left- and right-hand 
columns are corresponding microscopic fi elds. In 
contrast to wild-type mice, ABCG1  � / �   mice did not 
generate cholesterol microdomains. Arrowheads in-
dicate macrophages with a halo-like pattern of stain-
ing. Arrows indicate a spherical pattern of staining 
that was revealed where macrophages had detached 
from the culture dish. Bar = 50 µm and applies to 
all.   

 TABLE 2. Comparison of cholesterol accumulation by wild-type and ABCG1  � / �   mouse macrophages 

Condition

Cholesterol

Esterifi ed CholesterolTotal Unesterifi ed Esterifi ed

 nmol/mg cell protein  % 
No addition (WT) 59 ± 1 55 ± 2 4 ± 2 6 ± 4
AcLDL (WT) 392 ± 5 60 ± 2 331 ± 7 85 ± 1
No addition (ABCG1  � / �  ) 66 ± 2 56 ± 1 10 ± 3 14 ± 4
AcLDL (ABCG1  � / �  ) 353 ± 17 60 ± 5 293 ± 13 83 ± 1

One-week-old mouse wild-type and ABCG1  � / �   M-CSF-differentiated, bone marrow-derived macrophage 
cultures were incubated two days without or with 50 µg/ml AcLDL. Then macrophage cultures were analyzed for 
their unesterifi ed and esterifi ed cholesterol contents. There were no signifi cant differences in total cholesterol 
accumulation between the two macrophage phenotypes using the Student  t -test.
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