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Plasma membrane cholesterol content and the formation of 
cholesterol microdomains affects the function of plasma 

membrane enzymes and receptors, ion transport, plasma mem-
brane fluidity, and immune cell function.1–5 Indeed, buildup 
of excess cholesterol within cellular membranes can be cyto-
toxic.6,7 Thus, cells use multiple mechanisms to maintain 
cellular cholesterol homeostasis. To limit excess cholesterol 
accumulation, cells typically esterify cholesterol and store 
the esterified cholesterol in intracellular lipid droplets.8 At the 
same time, cells traffic cholesterol to the plasma membrane 
for efflux to phospholipid-rich cholesterol acceptors such as 
plasma spherical HDL (high-density lipoprotein) particles syn-
thesized by the liver and intestine.9 In addition, cells can efflux 
cholesterol to nascent discoidal HDL that is synthesized by the 
cells themselves.10 In this case, cellular ABCA1 (ATP-binding 

cassette transporter A1) mediates complexing of phospholipid 
with amphipathic apolipoproteins such as Apo (apolipopro-
tein) AI that circulate in the plasma or with ApoE synthesized 
by the effluxing cells.10–14 Besides transfer of excess cellular 
cholesterol to HDL, in some cases, cholesterol-enriched cells 
release cholesterol into the surrounding medium within uni- 
and oligolamellar vesicular structures.10,15–17
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We have recently discovered that when macrophages accu-

mulate large amounts of cholesterol during incubation with LDL 
(low-density lipoprotein), the macrophages not only store excess 
cholesterol within lipid droplets but also deposit excess unesteri-
fied cholesterol into the extracellular matrix both surrounding 
and underlying the macrophages.18–22 We have used a unique 
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Objective—Cells use various mechanisms to maintain cellular cholesterol homeostasis including efflux of cholesterol from 
the cellular plasma membrane to cholesterol acceptors such as HDLs (high-density lipoproteins). Little is known about 
the transfer of cholesterol from cells into the extracellular matrix. Using a unique monoclonal antibody that detects 
ordered cholesterol arrays (ie, cholesterol micro[or nano]-domains), we previously identified that particles containing 
these cholesterol domains accumulate in the extracellular matrix during cholesterol enrichment of human monocyte-
derived macrophages and are found in atherosclerotic lesions. In this study, we further investigate these deposited particles 
containing cholesterol microdomains and discover their unexpected morphology.

Approach and Results—Although appearing spherical at the resolution of the conventional fluorescence microscope, super-
resolution immunofluorescence and atomic force microscopy of in situ cholesterol microdomains, and immunoelectron 
microscopy of isolated cholesterol microdomains revealed that the microdomains are not vesicles or 3-dimensional 
crystals but rather appear as branching irregularly shaped deposits of varying size. These cholesterol microdomain-
containing deposits are shed from the plasma membrane into the extracellular matrix.

Conclusions—To date, research on cellular excretion of excess cholesterol has demonstrated cellular cholesterol efflux in 
the form of membranous vesicles and discoidal HDL particles released into the fluid-phase medium. Shedding of plasma 
membrane cholesterol microdomains provides an additional mechanism for cells such as macrophages to maintain plasma 
membrane cholesterol homeostasis. Furthermore, recognition that macrophages shed cholesterol microdomains into the 
extracellular matrix is important to our understanding of extracellular buildup of cholesterol in atherosclerosis.

Visual Overview—An online visual overview is available for this article.  (Arterioscler Thromb Vasc Biol. 2018;38: 
1504-1518. DOI: 10.1161/ATVBAHA.118.311269.)
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anticholesterol microdomain monoclonal antibody (mAb) to 
detect this extracellular pool of cholesterol deposited by cultured 
cholesterol-enriched cells. The antibody (designated mAb 58B1) 
reacts with organized 2-dimensional 10 to 20 cholesterol mol-
ecule arrays hereafter referred to as cholesterol microdomains.23 
These cholesterol microdomains form when model phospholipid 
bilayer membranes are enriched with cholesterol.24 Cholesterol-
enrichment results in regions of lateral phase-separated pure 
cholesterol bilayers which are detected by mAb 58B1. MAb 
58B1 does not react with monomeric cholesterol or esterified 
cholesterol; it does not react with LDL; and immunolabeling is 
lost after treatment of cholesterol microdomains with cholesterol 
oxidase.23 The extracellular cholesterol microdomains not only 
occur in cultured cell systems but also accumulate within the 
extracellular matrix of atherosclerotic plaques.18

ABCA1 and ABCG1 (ATP-binding cassette transporter G1) 
are 2 ATP-binding cassette transporters involved in transport of 
intracellular cholesterol to the plasma membrane and efflux of 
cholesterol from cells.9,25,26 Our earlier research has shown that 
both ABCA1 and ABCG1 mediate, in an additive manner, extra-
cellular cholesterol microdomain deposition by cholesterol-
enriched mouse M-CSF (macrophage colony-stimulating factor) 
differentiated bone marrow–derived macrophages, whereas 
ABCA1 alone mediates cholesterol microdomain deposition by 
cholesterol-enriched human M-CSF-differentiated monocyte-
derived macrophages, the macrophage type used in the cur-
rent study.19,21 For both macrophage types, the liver X receptor 
agonist, TO9 (TO901317), increases deposition of cholesterol 
microdomains likely reflecting the known action of the liver X 
receptor transcription factor to upregulate ABCA1 and ABCG1 
expression in cells.19 Probucol is a drug that inhibits ABCA1-
mediated functions including cholesterol transport to the plasma 
membrane.27 Consistent with probucol inhibition of cholesterol 
transport to the plasma membrane, probucol completely blocks 
cholesterol microdomain deposition by human monocyte-
derived macrophages but only partially inhibits cholesterol 
microdomain deposition by mouse bone marrow–derived mac-
rophages because of the ABCG1 contribution to cholesterol 
microdomain deposition by this macrophage type.21

It is likely that cellular deposition of extracellular choles-
terol microdomains is a means for cells to maintain cellular cho-
lesterol homeostasis. Isolation of the extracellular cholesterol 
microdomains shows that their cholesterol content is almost 
completely unesterified.22 Extracellular cholesterol microdo-
mains can be mobilized by both plasma-derived and nascent 
HDL18,19,22 and thus likely function in the so-called reverse cho-
lesterol transport, the process by which peripheral cholesterol 
is returned to the liver for excretion into bile or reutilization 
depending on the body’s overall cholesterol balance.

Because of the importance for cells to maintain choles-
terol homeostasis and for excess cholesterol to be mobilized 
from peripheral tissues, where it can buildup and cause ath-
erosclerosis, which can result in heart attacks and strokes, we 
undertook this study to learn more about the nature of the par-
ticles containing cholesterol microdomains deposited by mac-
rophages into the extracellular matrix. Our findings show that 
cholesterol microdomains contained within unique branching 
irregularly shaped deposits are shed from the plasma mem-
brane when cells are cholesterol enriched, a novel mechanism 
for the maintenance of plasma membrane cholesterol balance.

Materials and Methods
All data and supporting materials have been provided with the pub-
lished article.

Materials
RPMI (Roswell Park Memorial Institute medium)-1640 was obtained 
from Mediatech (Herndon, VA); fetal bovine serum (FBS) and 
Dulbecco phosphate-buffered saline (DPBS) with Ca2+ and Mg2+ and 
without Ca2+ and Mg2+, streptavidin-Alexa Fluor 488 and 594 conju-
gates, EDTA (ethylenediaminetetraacetic acid) solution (AM9260G), 
0.25% trypsin-EDTA solution (25200056), 2.5% trypsin solution 
(15090046), and trypsin inhibitor solution (R-007-100) were all 
obtained from Invitrogen (Grand Island, NY); 6-well, 12-well, and 
10-cm CellBIND culture plates and dishes were obtained from Corning 
(Corning, NY); T-75 CELLSTAR tissue culture flasks were obtained 
from Greiner Bio One (Monroe, NC); M-CSF and human interleu-
kin-10 were obtained from PeproTech (Rocky Hill, NJ); AcLDL 
(acetylated low-density lipoprotein) and rabbit IgG anti-human LDL 
(J64398) were obtained from Alfa Aesar (Haverhill, MA); TO9 was 
obtained from Cayman Chemical (La Jolla, CA); penicillin-strep-
tomycin, L-glutamine, filipin (F9765), poly-l-lysine (P1274), BSA 
(A7906), probucol (P9672), fatty acid-free BSA (A0281), cholesterol 
oxidase (C5421), Sandoz 58-035 (S9318), progesterone (P8783), 
and cholesterol (C3045) were obtained from Sigma (St. Louis, MO); 
mouse anticholesterol microdomain mAb 58B1 IgM in ascites was 
produced as previously described28; mouse anti-Clavibacter michi-
ganense mAb (clone 9A1) IgM in ascites was obtained from Agdia 
(Elkhart, IN); paraformaldehyde, glutaraldehyde, and osmium tetrox-
ide were obtained from Electron Microscopy Sciences (Hatfield, PA); 
biotinylated goat anti-mouse IgM and Vectashield hard set mount-
ing medium without and with 4′,6-diamidino-2-phenylindole nuclear 
stain were obtained from Vector Laboratories (Burlingame, CA); 
ProLong Gold antifade mounting medium and Alexa Fluor 488–con-
jugated chicken anti-rabbit IgG (A21441) were from Thermo Fisher 
Scientific (Waltham, MA); BODIPY (4, 4-difluoro-4-borata-3a-azo-
nia-4a-aza-s-indacene)-cholesterol linoleate was obtained from 
Setareh Biotech (Eugene, OR); goat anti-mouse IgM conjugated 
with 10-nm gold (ab39613) was from Abcam (Cambridge, MA); 
phosphotungstic acid was from Ted Pella (Reading, CA); rabbit IgG 
(SC-2027) was from Santa Cruz Biotechnology (Dallas, TX); FcR 
(fragment crystallizable region receptor) blocking reagent (130-059-
901) was from Miltenyi Biotec (Auburn, CA); goat anti-ApoE (50A-
G1a) and C1 (31A-G1a) were from Academy Bio-Medical (Houston, 
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TX); and male ApoE knockout C57BL/6J (002052) and wild-type 
(000664) control mice were obtained from the Jackson Laboratory 
(Bar Harbor, ME). Major Resources are given in Table in the online-
only Data Supplement.

Culture of Human Monocyte-Derived Macrophages
Mononuclear cells were obtained from human donors by monocyto-
pheresis, purified with counterflow centrifugal elutriation, and cultured 
as previously described.29 Monocytapheresis was performed under a 
human subjects research protocol with informed consent approved by 
a National Institutes of Health institutional review board. The mono-
cytes were centrifuged at 300g for 5 minutes at room temperature. 
Then, 25×106 monocytes were resuspended in 25 mL of complete 
medium (RPMI 1640 medium with 2 mmol/L L-glutamine, 50 ng/mL 
human M-CSF, 25 ng/mL interleukin-10, and 10% FBS) and seeded 
into a 75 cm2 cell culture flask. Macrophage cultures were incubated in 
a 37°C cell culture incubator with 5% CO

2
/95% air for 48 hours. Next, 

the cultures were rinsed 3× with 10 mL RPMI 1640 medium. After 
rinsing, fresh complete medium was added and medium was changed 
every 2 days until monocytes differentiated and proliferated suffi-
ciently to become confluent. This required about 1 week of culture.

Experiments were initiated by rinsing the differentiated macro-
phages in the flask 3× with 10 mL DPBS without Ca2+ and Mg2+, 
adding 10 mL 0.25% trypsin-EDTA solution, and incubating the 
flask at 37°C for 10 to 15 minutes to detach the macrophages. Next, 
10 mL of RPMI 1640 medium containing 10% FBS was added to 
stop trypsinization. The macrophage cell suspension was centrifuged, 
resuspended in 1 mL of complete medium, counted, and seeded at 
desired densities in designated culture plates with complete medium. 
Macrophages were incubated 1 to 2 days before experiments were ini-
tiated with the indicated conditions. Human monocyte-derived mac-
rophages were used for all experiments unless indicated otherwise.

Correlative Fluorescence and Scanning 
Electron Microscopy Analysis of 
Extracellular Cholesterol Microdomains
Ethanol-sterilized indium tin oxide coverslips with fiducial markers 
(CorrSlide, Optic Balzers, Lichtenstein) were coated at room tem-
perature with a 0.1% (w/v) poly-l-lysine solution for 30 minutes. The 
coverslips were placed in a coverslip holder and rinsed in water by 
dipping, then dried on filter paper overnight.

For scanning electron microscopy (SEM) analysis, 2×105 mac-
rophages were seeded onto the coverslips held within 6-well culture 
plates containing complete culture medium. After 2 days of incuba-
tion, the macrophages were rinsed 3× with RPMI 1640 and incubated 
2 days with complete medium (without FBS) containing 50 µg/mL 
AcLDL and 5 µmol/L TO9. After incubation, macrophages were 
rinsed in DPBS and for SEM analysis without correlative fluores-
cence imaging, fixed in 2.5% (v/v) glutaraldehyde, 1% (v/v) para-
formaldehyde, and 0.12 mol/L sodium cacodylate buffer, pH 7.3, for 
1 hour at room temperature. Next, macrophages were postfixed with 
1% (v/v) OsO

4
 in the same buffer for 1 hour, dehydrated in an ethanol 

series, and critical point dried. The samples were then coated with 5 
nm gold and imaged with a ZEISS Sigma HD VP scanning electron 
microscope (ZEISS, Jena Germany).

For correlative fluorescence and SEM analysis, cholesterol-
enriched macrophages were immunostained at room temperature with 
anticholesterol microdomain mAb 58B1 as follows. Macrophages 
were rinsed 3× (5 minutes each rinse for this and all subsequent 
times) in DPBS, fixed for 10 minutes with 4% paraformaldehyde 
in DPBS, and rinsed an additional 3× in DPBS. Macrophages were 
then incubated 1 hour with 5 µg/mL purified mouse anticholesterol 
microdomain mAb 58B1 IgM diluted in DPBS containing 0.1% 
BSA. Control staining was performed with 5 µg/mL of an irrelevant 
purified mouse anti-Clavibacter michiganense mAb (clone 9A1) IgM 
diluted in DPBS containing 0.1% BSA. MAb IgM fractions were 
purified as previously described.20 Macrophages were rinsed 3× in 
DPBS, followed by a 30-minute incubation in 5 µg/mL biotinylated 
goat anti-mouse IgM diluted in DPBS containing 0.1% BSA. After 

3 rinses in DPBS, macrophages were incubated 10 minutes with 10 
µg/mL streptavidin-Alexa Fluor 488 diluted in DPBS. Last, macro-
phages were rinsed 3× with DPBS, and fluorescence microscopic 
images of cholesterol microdomain fluorescence were obtained with 
a Zeiss LSM 780 microscope and C-apochromat 63×/1.20 water 
immersion objective using 488 nm wavelength for excitation and 490 
to 552 nm wavelengths for fluorescence emission. After fluorescence 
imaging, macrophages were prepared for SEM analysis as described 
above including further fixation in glutaraldehyde and paraformalde-
hyde. SEM images of the same microscopic field were obtained using 
Zeiss Shuttle and Find software.

Because macrophages were not permeabilized, mAb 58B1 
immunostaining represents cell surface and extracellular staining. 
No staining was observed when the control mAb was substituted 
for anticholesterol microdomain mAb 58B1 here and in subsequent 
procedures.

Specificity of mAb 58B1 for Cholesterol
Treatment of cholesterol-enriched macrophage cultures for 1.5 hour 
with cholesterol oxidase enzyme solution (0.16 U/mL DPBS) before 
mAb 58B1 immunostaining eliminated labeling of the extracellular 
cholesterol microdomains showing specificity of the Mab for choles-
terol (Figure IB in the online-only Data Supplement). Treatment of 
the macrophage cultures with the same cholesterol oxidase solution 
in which cholesterol oxidase was inactivated by boiling 10 minutes 
showed preserved mAb 58B1 immunostaining of the cholesterol 
microdomains (Figure IA in the online-only Data Supplement).

Super-Resolution Stimulated Emission 
Depletion Fluorescence Microscopy 
Imaging of Cholesterol Microdomains
For fluorescence imaging by super-resolution stimulated emission 
depletion (STED) microscopy, 1×105 macrophages were cultured on 
poly-l-lysine–coated 12-mm diameter glass coverslips (0.16–0.19 
mm thick) held within 12-well culture plates. Poly-l-lysine coating 
here and following was performed with 200 µg/mL in H

2
O over-

night at 37°C. After incubation for 2 days with 50 µg/mL AcLDL 
and 5 µmol/L TO9, macrophages were fixed and immunostained 
with the anticholesterol microdomain mAb 58B1 as described for 
conventional fluorescence microscopy above except that fluores-
cence labeling was performed with streptavidin-Alexa Fluor 594 
conjugate. Macrophage coverslip cultures were mounted on glass 
microscope slides with ProLong Gold antifade mounting medium. 
Super-resolution microscopy was performed using the STED meth-
odology. Time-gated STED images were obtained using a commer-
cial STED microscope (SP8 STED 3X; Leica Microsystems, Wetzlar, 
Germany), equipped with a white-light laser and a pulsed 775-nm 
STED depletion laser. A 100×/1.4 numeric aperture oil immersion 
objective lens (HCX PL APO STED white; Leica Microsystems) was 
used for imaging. STED images were taken using 560-nm excitation, 
a scan speed of 600 lines per second, a 570- to 630-nm emission 
detection range with gated hybrid detectors, and the 775-nm STED 
depletion laser. The pixel size was 20 to 25 nm (1024×1024 pixels), 
and 6-line averages were performed.

Isolation of Extracellular Cholesterol Microdomains 
for Microscopic and Lipidomic Analysis
Macrophages obtained as described above were seeded into three 
10-cm CellBind culture dishes (2×106 cells per dish). The macro-
phages were cultured 2 days in dishes with complete medium. Next, 
macrophages were rinsed 3× with RPMI-1640 medium before mac-
rophages were incubated 2 days with RPMI-1640 medium alone, this 
medium containing 50 µg/mL AcLDL (to induce macrophage depo-
sition of extracellular cholesterol microdomains) or AcLDL with 10 
µmol/L probucol. For lipidomic analysis, macrophages were incu-
bated 1 day with 135 µmol/L microcrystalline cholesterol prepared as 
described previously.30 Microcrystalline cholesterol was used rather 
than AcLDL to avoid any contribution of lipids from AcLDL that 
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could be released from the culture surface along with the extracel-
lular cholesterol microdomains.

No TO9 was included in these incubations because TO9 treat-
ment made it difficult to release macrophages from the culture dish. 
Macrophages were removed from the culture dish by first incubat-
ing them for 30 minutes at 37°C in DPBS without Ca2+ and Mg2+ but 
containing 5 mmol/L EDTA. Then, the macrophages were detached 
with vigorous pipetting as needed. Next, the culture dishes were 
rinsed 3× with DPBS without Ca2+ and Mg2+. This was followed 
by release of the cholesterol microdomains from the extracellular 
matrix using 2 mL of 2.5% trypsin solution per dish incubated for 
30 minutes at 37°C. After incubation, the trypsin was neutralized 
by addition of 2 mL of trypsin inhibitor solution. The resulting 
cholesterol microdomain-containing solution was centrifuged in 
a polypropylene tube at 1000g for 2 minutes, and the supernatant 
containing the cholesterol microdomains was transferred to another 
polypropylene tube.

For isolation of cholesterol microdomains for microscopic anal-
ysis, the density of samples (1.5 mL) was adjusted to 1.21 g/mL 
using KBr (potassium bromide), and the density-adjusted sample 
was placed into a 2.5 mL ultracentrifuge tube (344625, Beckman, 
Indianapolis, IN). The tube was filled with density 1.21 g/mL KBr 
solution. Tubes were centrifuged 48 hours at 100 000g in an MLA-
130 Beckman rotor to float the cholesterol microdomains, which 
were then obtained in the top 200 µL of sample removed from the 
centrifuge tube.

Cholesterol microdomains for lipidomic analysis were isolated by 
density gradient centrifugation as described previously22 except that 
the cholesterol microdomain-containing supernatant from above was 
passed through a 0.45 µm syringe filter (Pall Corporation, PN4614) to 
remove any microcrystalline cholesterol before density gradient cen-
trifugation. After density gradient centrifugation, fractions (d=1.04–
1.05 g/mL) containing the cholesterol microdomains as determined 
by cholesterol analysis of the gradient as described previously22 were 
pooled for lipidomic analysis described below.

Immunoelectron and Immunofluorescence 
Microscopy of Isolated Extracellular 
Cholesterol Microdomains
For immunofluorescence microscopy of isolated cholesterol microdo-
mains, 20 µL of the cholesterol microdomain containing top fraction 
and control samples was placed onto glass slides. After the samples 
were air dried, the samples were immunolabeled with the anticholes-
terol microdomain antibody as described above for cultured macro-
phages prepared for correlative fluorescence microscopy and SEM. 
Samples were examined with an Olympus (Center Valley, PA) IX81 
conventional fluorescence microscope and 40×/0.6 numeric aperture 
objective (LCP/PlanFl) using 480/40 nm excitation (40 refers to total 
bandwidth of the filter) and 535/50 nm emission filters.

For immunoelectron microscopy, 10 µL of sample diluted 20× 
with DPBS without Ca2+ and Mg2+ was placed onto a formvar-
coated 200 mesh nickel grid stabilized with carbon (Ted Pella). All 
steps were performed at room temperature. After sample remained 
on the grid for 10 minutes to allow the cholesterol microdomains 
to adhere to the grid, sample fluid was removed with filter paper. 
Next, the grid was placed upside down on a 50-µL drop of DPBS 
without Ca2+ and Mg2+ containing 1% fatty acid-free BSA (all drops 
in succeeding steps were also 50 µL). After 30 minutes, the grid 
was transferred to a drop of DPBS without Ca2+ and Mg2+ contain-
ing 10 µg/mL anticholesterol microdomain mAb 58B1 and 0.1% 
fatty acid-free BSA. After 2 hours, the grids were rinsed by mov-
ing every 2 minutes between 5 drops of DPBS without Ca2+ and 
Mg2+ containing 0.1% fatty acid-free BSA. Then, grids were moved 
to a drop of DPBS without Ca2+ and Mg2+ containing 5 µg/mL of 
goat anti-mouse IgM conjugated with 10-nm gold particles. After 
1 hour, grids were rinsed with 5 drops of DPBS without Ca2+ and 
Mg2+ followed by 5 drops of deionized H

2
O and finally stained with 

2% phosphotungstic acid. Samples were air dried and immediately 
examined with a JEOL (Peabody, MA) transmission electron micro-
scope operated at 80 kV.

Lipidomic Analysis of Isolated Extracellular 
Cholesterol Microdomains
Total lipids were extracted from the sample (≈2 mL of fractions from 
density gradient centrifugation-isolated cholesterol microdomains) 
using a modified Folch extraction method.31 Four milliliters of chlo-
roform/methanol (2:1 v/v) was added to the sample. The sample was 
vortexed for 15 minutes. Then 1 mL of water was added, and the 
sample was vortexed for 1 minute. The mixture was centrifuged at 
1100g for 15 minutes. The extraction results in an upper aqueous 
phase and a lower organic phase (containing lipids such as phospho-
lipids, cerebrosides, and ceramides). The lower organic phase was 
evaporated to dryness using nitrogen, resuspended in 200 µL of chlo-
roform and fractionated as follows. Classes of lipids were separated 
using 1 mL LC-NH2 (liquid chromatography-amino) solid-phase 
extraction tubes (SuperClean 50 mg bed weight; Sigma, St. Louis, 
MO) in a method similar to Bodennec et al.32 The columns were first 
conditioned with 1 mL of hexane, and then 200 µL of the samples in 
chloroform was loaded onto the column. The fractions were retrieved 
using different solvents, and lipids contained in the resulting fractions 
are described in Table I in the online-only Data Supplement.

Next, samples were subjected to electrospray ionization mass 
spectrometric analysis using an Orbitrap Velos mass spectrometer 
(Thermo Fisher, San Jose, CA) with a static nanospray source with 
4 µm spray tips and a capillary temperature of 200°C. The Fourier 
transform mass spectrometry mode with a mass resolution of 100 000 
was used for all samples. All fractions were analyzed with a spray=1.5 
kV, Rf (retardation factor)=60%, and 1 scan=1000 ms for the nega-
tive ion mode and 500 ms for the positive ion mode. Assignment of 
lipid species was based on accurate mass with mass error±1 ppm for 
the [M-H

2
O+H]+ mass peaks for cholesterol, [M-H]− mass peak for 

fatty acids, and the [M+H]+ mass peaks for phosphatidylcholines and 
sphingomyelins. Tandem mass spectrometry analyses were also con-
ducted to confirm the identification of the phosphatidylcholines and 
sphingomyelins species. Molar amounts for cholesterol, phosphati-
dylcholines, and sphingomyelins were determined from a calibration 
curve using a standard for each class of lipids.

Atomic Force Microscopy Imaging of 
Extracellular Cholesterol Microdomains
For atomic force microscopy (AFM) experiments, 1.6×105 mac-
rophages per dish were seeded into poly-l-lysine–coated PELCO 
Clear Wall glass bottom dishes (14026-20, Ted Pella) containing 
3 mL of complete medium per dish. Macrophages were incubated 
overnight before experiments were initiated with 1.5 mL of complete 
medium (without FBS) containing 50 µg/mL AcLDL and 5 µmol/L 
TO9. After a 2-day incubation, macrophages were rinsed, fixed, and 
immunostained for cholesterol microdomains with mAb 58B1 as 
described above.

Macrophages were imaged at room temperature and under 
DPBS buffer using an AFM instrument (Bioscope Catalyst AFM, 
Bruker-Nano, Santa Barbara, CA). The AFM sits atop an Olympus 
IX71 inverted microscope equipped with fluorescence and bright-
field optics for simultaneous, colocalized observations. Imaging 
was performed with a 50×/0.5 numeric aperture Olympus objec-
tive (LMPlanFL) using 480/8 excitation and 535/50 emission fil-
ters. For AFM imaging, the AFM was operated in the Peak force 
tapping mode in which the probe is oscillated at frequencies far 
below resonance with the interaction force recorded at every cycle. 
The feedback keeps the peak force at each cycle constant, although 
the contact point of each force curve provides sample height infor-
mation. In our experiments, we used soft, silicon nitride probes 
(MSCT, Bruker-Nano) whose stiffness was estimated by the ther-
mal tune method. The peak force was kept at <500 piconewtons by 
the feedback, and we focused imaging to edges of macrophages and 
adjacent regions.

The mean height of the observed cholesterol microdomains was 
measured using the particle analysis module of the ImageJ software 
and custom-written code in Matlab (Mathworks, Inc, Natick, MA). In 
brief, microdomain populations were selected from AFM topography 
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images using ImageJ, and then each microdomain was thresholded 
at half-max height using the Matlab code. The corresponding area 
footprint and volume of each microdomain was then computed within 
the same Matlab code, and the mean microdomain height was cal-
culated as the ratio of volume over area. The mean height data were 
then imported into Origin (OriginLab Corp, Northampton, MA), and 
histograms of microdomain height were constructed using appropri-
ate bin sizes. Finally, the histograms were fitted within origin with 
Gaussian distribution functions to show the mean height of the shed 
microdomains and their size distribution.

Trafficking of Fluorescent BODIPY-Cholesterol
Macrophages (1×105) were seeded into 12-well CellBIND culture 
plates in complete medium. After incubation overnight, macrophages 
were incubated 1 day with 50 µg/mL AcLDL labeled with BODIPY-
cholesterol linoleate (BODIPY is conjugated to cholesterol) and 5 
µmol/L TO9 added to complete medium without FBS. Fluorescent 
BODIPY-cholesterol was used to learn whether this modified cho-
lesterol molecule could traffic to extracellular cholesterol microdo-
mains. BODIPY-cholesterol linoleate was incorporated into AcLDL 
at a ratio of 100 nmoles BODIPY-cholesterol linoleate to 1 mg 
AcLDL as described previously.33

After incubation with BODIPY-cholesterol linoleate-labeled 
AcLDL, macrophages were fixed and immunolabeled with the anticho-
lesterol microdomain mAb 58B1 as described above for conventional 
fluorescence microscopy except that streptavidin-Alexa Fluor 594 was 
used in labeling of the cholesterol microdomains rather than strepta-
vidin Alexa Fluor 488. Alexa Fluor 594–labeled cholesterol microdo-
main red fluorescence was imaged with an Olympus IX81 conventional 
fluorescence microscope using 560/55 nm excitation and 645/75 nm 
emission filters. BODIPY-cholesterol green fluorescence was imaged 
using 480/40 nm excitation and 535/50 nm emission filters.

Colocalization Analysis of Filipin Staining 
With Cholesterol Microdomains
Macrophages (2.5×106) were seeded per well into 6-well poly-
l-lysine–coated CellBind culture plates and incubated overnight 
with complete medium. After incubation, macrophages were rinsed 
3× with RPMI 1640 and incubated 2 days with complete medium 
(without FBS) containing 50 µg/mL AcLDL and 5 µmol/L TO9. After 
incubation, macrophages were rinsed, fixed, and immunostained with 
mAb 58B1 to label cholesterol microdomains as described above 
for conventional fluorescence microscopy. Next, macrophages were 
stained for 1 hour with filipin as previously described.34 Macrophages 
were imaged in DPBS without a coverslip using an Olympus 20×/0.45 
numeric aperture objective (LWD [long working distance] UPLAN 
FLUOR PH [fluorite phase]) and IX81 conventional fluorescence 
microscope. Filipin blue fluorescence was imaged using 350/50 nm 
excitation and 460/50 nm emission filters. Cholesterol microdomain 
green fluorescence was imaged using 480/40 nm excitation and 
535/50 nm emission filters.

Detection of AcLDL Matrix Binding 
With Anti-LDL Immunostaining
AcLDL, either applied to a microscope slide and dried or after a 
2-day incubation at a concentration of 50 µg/mL with macrophage 
cultures, was immunolabeled with an anti-LDL antibody that 
detects AcLDL. For incubated macrophages, the macrophages were 
removed from cultures as described above so that the extracellular 
matrix surrounding and underlying the macrophages could be immu-
nolabeled. Then, in both cases, samples were rinsed 3× with DPBS 
and blocked 10 minutes at room temperature with FcR blocking 
reagent diluted 1:10 in DPBS. Next, samples were incubated with 10 
µg/mL anti-LDL rabbit IgG in DPBS or control rabbit IgG, rinsed 
3× with DPBS, incubated 30 minutes with 5 µg/mL Alexa Fluor 
488–conjugated chicken anti-rabbit IgG in DPBS, rinsed 3× more 
with DPBS, and mounted with hard set mounting media containing 
4′,6-diamidino-2-phenylindole.

Incubation of Macrophages With Agents That 
Affect Macrophage Cholesterol Metabolism
Differentiated human monocyte-derived and mouse bone mar-
row–derived macrophages were incubated 1 day with AcLDL 
(50 µg/mL)+TO9 (5 µmol/L) without or with the acyl-coenzyme 
A:cholesterol acyltransferase (ACAT) inhibitor, 58-035 (4 µg/mL). 
Bone marrow–derived mouse macrophages were obtained and cul-
tured as described previously.21 Human macrophages were incu-
bated 1 day with AcLDL (50 µg/mL)+TO9 (5 µmol/L) with and 
without the cholesterol trafficking inhibitor, progesterone (10 µg/
mL). After incubations, macrophages were rinsed with DPBS, fixed 
with paraformaldehyde, cholesterol microdomains were immuno-
labeled green with mAb 58B1, and nuclei were stained blue with 
4′,6-diamidino-2-phenylindole that was incorporated into the 
mounting medium.

To assess the effect of ApoE deficiency on macrophage deposition 
of cholesterol microdomains, ApoE knockout and wild-type bone 
marrow–derived mouse macrophages were incubated 2 days with 50 
µg/mL AcLDL+5 µmol/L TO9 to cholesterol-enrich macrophages 
and cause macrophage deposition of extracellular cholesterol micro-
domains. After incubations, cholesterol microdomains were immuno-
labeled as described above.

Immunocolocalization of ApoE and ApoC1 With 
Extracellular Cholesterol Microdomains
Differentiated human macrophages were seeded onto poly-l-ly-
sine–coated glass coverslips and incubated overnight before a 
2-day incubation with 50 µg/mL AcLDL+5 µmol/L TO9 to cho-
lesterol-enrich macrophages and cause macrophage deposition of 
extracellular cholesterol microdomains. Then, macrophages were 
fixed at room temperature 10 minutes with 4% paraformaldehyde 
in DPBS before Fc (fragment crystallizable region) receptors were 
blocked with FcR-blocking reagent diluted 1:10 in DPBS con-
taining 0.1% BSA. Next, macrophages were incubated overnight 
at 4°C with 5 µg/mL mouse mAb IgM 58B1 together with 1 µg/
mL goat IgG polyclonal anti-ApoE or control goat IgG in DPBS 
containing 0.1% BSA. Primary antibodies were labeled 1 hour at 
room temperature with secondary antibodies using 5 µg/mL bio-
tinylated rat anti-mouse IgM together with 2 µg/mL Alexa Fluor 
488 (green) chicken anti-goat IgG in DPBS containing 0.1% BSA. 
Last, macrophages were incubated 10 minutes at room tempera-
ture with 10 µg/mL Alexa Fluor 594 (red) streptavidin to complete 
the immunolabeling of the cholesterol microdomains. Nuclei were 
stained blue with 4′,6-diamidino-2-phenylindole incorporated into 
the mounting medium. There were rinses with DPBS containing 
0.1% BSA between all steps. Because there was no extracellular 
labeling of ApoC1 in a preliminary single apolipoprotein immuno-
labeling experiment, we did not carry out double immunolabeling 
for ApoC1 and cholesterol microdomains.

Results
SEM of Extracellular Cholesterol Microdomains
We performed SEM to examine at higher resolution the struc-
ture of the particles containing cholesterol microdomains that 
we reported previously.18–22 Human monocyte-derived mac-
rophages were incubated 2 days without or with 50 µg/mL 
AcLDL+5 µmol/L TO9 to enrich macrophages with choles-
terol and to induce macrophage deposition of extracellular 
cholesterol microdomains. AcLDL is a modified LDL that 
is bound and endocytosed by macrophage scavenger recep-
tors and thus, is an efficient way to cholesterol-enrich macro-
phages. After cholesterol enrichment, the macrophages were 
prepared for SEM using critical point drying. Macrophages 
that had been enriched with cholesterol showed numerous 
irregular and quasi-spherical shaped deposits attached to the 
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culture surface that surrounded the macrophage plasma mem-
brane (Figure 1B). The particles extended some 5 to 10 µm 
from the plasma membrane into the extracellular space. In 
contrast, there were only very sparse deposited material sur-
rounding macrophages that had not been enriched with cho-
lesterol (Figure 1A).

To determine whether any of the deposits detected by 
SEM were sites of cholesterol microdomains, we performed 
correlative fluorescence microscopy and SEM. In this pro-
cedure, cholesterol microdomains were first immunolabeled 
with the anticholesterol microdomain mAb 58B1, and con-
ventional fluorescence microscopic images were obtained. 
Next, the cultured macrophages were prepared for SEM. 
Using fiducial markers, SEM images of the same mac-
rophages were obtained. Figure 2 shows one such macro-
phage that had been enriched with cholesterol and, thus, 
had deposited extracellular cholesterol microdomains. Most 
but not all the deposits observed by SEM colocalized with 
cholesterol microdomains. Many of the smaller spherical 
particle deposits observed by SEM did not show cholesterol 
microdomains. These small spherical particles were likely 
AcLDL (the lipoprotein added to the culture to enrich the 
macrophages with cholesterol) that bound to the extracel-
lular matrix. Immunostaining with an anti-LDL antibody 
showed that AcLDL also bound to the extracellular matrix 

surrounding the macrophages (Figure II in the online-only 
Data Supplement), but AcLDL itself did not label with 
anticholesterol microdomain mAb 58B1 (Figure III in the 
online-only Data Supplement).

STED Super-Resolution Fluorescence Microscopy 
of Extracellular and Plasma Membrane–
Associated Cholesterol Microdomains
SEM indicated that the macrophage-deposited cholesterol 
microdomain-containing material was not perfectly spherical, 
although conventional fluorescence microscopy suggested 
otherwise. However, both conventional fluorescence micros-
copy and SEM techniques have limitations. The resolution of 
conventional fluorescence microscopy is about 200 nm. Thus, 
the true structure of objects below this size cannot be accu-
rately determined by conventional fluorescence microscopy. 
On the other hand, structure as determined by SEM can be 
affected by the preparation of specimens for this type of anal-
ysis because specimens undergo critical point drying in which 
water is removed from the specimens by exposure to organic 
solvents. Organic solvents would be expected to remove vary-
ing degrees of lipid from the deposits. Thus, distortion of par-
ticle structure is likely with SEM.

Therefore, to examine the structure of the choles-
terol microdomain-containing deposits at high microscopic 

Figure 1. Scanning electron microscopy of macrophage extracellular particles deposited by cholesterol-enriched macrophages. Macrophages were incu-
bated 2 days with 50 µg/mL AcLDL (acetylated low-density lipoprotein)+5 µmol/L TO9 (TO901317) to cholesterol-enrich macrophages and cause macro-
phage deposition of extracellular cholesterol microdomains. A, Almost no deposited particles surround macrophages that were not enriched with cholesterol 
by incubation with AcLDL. B, Many deposited particles (region indicated by arrows) surround macrophages that had been enriched with cholesterol.

Figure 2. Correlative fluorescence and scanning electron microscopy (SEM) of macrophage-deposited cholesterol microdomains. Macrophages were incu-
bated 2 days with 50 µg/mL AcLDL (acetylated low-density lipoprotein)+5 µmol/L TO9 (TO901317) to cholesterol-enrich macrophages and cause macro-
phage deposition of extracellular cholesterol microdomains. A, Superimposed fluorescence image of the green immunolabeled cholesterol microdomains 
with the corresponding SEM image of the same microscopic field. B, The fluorescence image is slightly offset below the corresponding SEM image to allow 
visualization of the underlying SEM structure of the cholesterol microdomains. Arrows indicate some of the particles containing cholesterol microdomains.
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resolution but without exposure to organic solvents, we ana-
lyzed the cholesterol microdomains using STED fluorescence 
microscopy, a super-resolution fluorescence microscopy tech-
nique that allows resolution down to about 50 nm.35 STED 
analysis revealed that the cholesterol microdomains were 
contained mostly in branching irregularly shaped structures 
of varying sizes (Figure 3A). These extracellular cholesterol 
microdomain-containing particles extended as much as 10 µm 
from the periphery of the plasma membrane, similar to what 
we observed by SEM.

Besides deposition of extracellular cholesterol micro-
domains, sometimes cholesterol microdomain-containing 
plasma membrane regions were also observed toward the top 
of the macrophages (Figure 3B; Figure IV in the online-only 
Data Supplement, a 3-dimensional confocal STED movie of 
the cholesterol microdomains). Quadrilateral regions (≤0.5 
µm) that did not label with anticholesterol microdomain 
mAb 58B1 occurred within these plasma membrane choles-
terol microdomain-containing areas of plasma membrane 
(Figure 3C).

AFM of Extracellular Cholesterol Microdomains
We confirmed the unexpected STED microscopic finding that 
cholesterol microdomains occurred in extracellular branch-
ing irregularly shaped structures with analysis using AFM, 
another high-resolution nondestructive imaging modal-
ity. AFM showed that control macrophages, which were 
not enriched with cholesterol (ie, were not incubated with 
AcLDL), exhibited a peripheral plasma membrane that was 
much less ruffled compared with macrophages that had been 
enriched with cholesterol (ie, incubated with AcLDL; com-
pare Figure 4D, upper, and Figure 4D, lower). No significant 
extracellular deposits were observed on the culture surface 
next to control macrophages imaged by either mAb 58B1 
immunolabeled cholesterol microdomains (Figure 4A and 4B, 
lower) or by AFM (Figure 4C and 4D, lower).

In contrast, the culture surface region adjacent to macro-
phages enriched with cholesterol was densely populated with 
deposits (Figure 4C and 4D, upper) corresponding to the cho-
lesterol microdomains detected in the corresponding fluorescent 
image of mAb 58B1 immunolabeled cholesterol microdomains 

Figure 3. Super-resolution stimulated emission depletion (STED) fluorescence microscopy of cholesterol microdomains labeled with mAb 58B1. Macro-
phages were incubated 2 days with 50 µg/mL AcLDL (acetylated low-density lipoprotein)+5 µmol/L TO9 (TO901317) to cholesterol-enrich macrophages and 
cause macrophage generation of cholesterol microdomains. A, Extracellular immunolabeled cholesterol microdomains surrounding a macrophage. B, Cho-
lesterol microdomains associated with the plasma membrane at the top of the macrophage (blue box), and within the extracellular space (short blue arrow). 
C, Note the quadrilateral voids (white arrows) occurring within the plasma membrane–associated cholesterol microdomains. Yellow-dotted line indicates 
plasma membrane extracellular space border.
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(Figure 4A and 4B, upper). These deposits were branching and 
irregularly shaped, and their lengths extended to as much as a 
few hundreds of nanometer, like characteristics of these deposits 
viewed by STED super-resolution fluorescence microscopy. The 
height above the culture surface of the deposits varied from cell 
to cell but for this macrophage ranged between 50 and 200 nm 
with the majority at the lower end of this scale (Figure 4E, upper; 
Figure V in the online-only Data Supplement). Examination of 
the ruffled edges of cholesterol-enriched macrophages showed 
some of the extracellular structures appeared to be in the process 
of shedding from the peripheral plasma membrane (Figure 4E, 
lower). Note that the extracellular deposits were not visible in 
bright-field images (Figure 4A, upper) but could only be visu-
alized after fluorescence immunolabeling with mAb 58B1 
(Figure 4B, upper) or with AFM as shown in Figure 4D, upper.

Some of the cholesterol microdomains that surrounded 
macrophages were deposited in a linear fashion extending out 
from the macrophage edge. Figure V, lower, in the online-only 
Data Supplement shows the AFM image and height distribu-
tion of these cholesterol microdomains, which tended to have 
heights (ranging 10–100 nm) that were less than the choles-
terol microdomains discussed above.

Microscopic Analysis of Isolated 
Extracellular Cholesterol Microdomains
Cultured macrophages were enriched with cholesterol by 
incubation with 50 µg/mL AcLDL for 2 days in the absence 

or presence of probucol (10 µmol/L). As we previously 
showed that probucol, through its inhibition of ABCA1, 
almost completely inhibits human macrophage deposition 
of extracellular cholesterol microdomains,19 the addition 
of probucol served as a control. Macrophages incubated 
without AcLDL served as another control. Cholesterol 
microdomains were isolated by flotation at d<1.21 g/mL 
of trypsin-released extracellular cholesterol microdomains 
as described in the Methods. Anticholesterol microdomain 
mAb 58B1 fluorescence immunolabeling of the floated lipid-
containing fraction showed that only macrophages enriched 
with cholesterol generated substantial cholesterol microdo-
mains (Figure 5B). Both controls, macrophages not enriched 
with cholesterol and macrophages enriched with cholesterol 
in the presence of the ABCA1 inhibitor, probucol, showed no 
and much-reduced cholesterol microdomains, respectively 
(Figure 5A and 5C).

Immunoelectron microscopic analysis of the sample with 
cholesterol microdomains (ie, fraction shown in Figure 5B 
above) showed that this fraction contained irregular branching 
structures that labeled both with anticholesterol microdomain 
mAb 58B1 immunogold label and with the phosphotungstic 
acid contrasting agent (Figure 6, arrows). The fraction also 
contained negatively stained spherical particles (arrowheads) 
that did not show mAb 58B1 immunogold labeling and were 
similar in size (≈22 nm) to AcLDL. (Negative staining means 
that the particles do not stain, but the particles are visible 

Figure 4. Atomic force microscopy (AFM) analysis of extracellular cholesterol microdomains. A–D, Upper (with AcLDL [acetylated low-density lipoprotein]) and 
lower (without AcLDL), Macrophages that were either cholesterol enriched by incubation with 50 µg/mL AcLDL+5 µmol/L TO9 (TO901317), or incubated without 
any addition for 2 days. A, Bright-field image, (B) corresponding fluorescence image of cholesterol microdomain immunolabeled macrophages, (C) low magni-
fication AFM image of the boxed region in A and B, and (D) zoomed AFM image (11.7 nm/pixel) of the boxed region indicated in C. Red boxes in A and B show 
corresponding microscopic fields. In the AFM images, brighter regions are taller and the height scales for C were adjusted to make the plasma membrane and 
adjacent cholesterol microdomain deposits visible. The AFM image of cholesterol-enriched macrophage shows extensive plasma membrane ruffles and cho-
lesterol microdomain deposits (arrows) adjacent to the macrophage (D, upper). E, Upper, Section height profiles along the lines running through the deposited 
cholesterol microdomains in D, upper. E, Lower, Deposited cholesterol microdomains at higher magnification. A–D, Lower, Corresponding images for a control 
cell that was not cholesterol enriched. The control macrophage lacks cholesterol microdomain immunolabeling (B, lower), shows less plasma membrane ruffling 
(D, lower), and lacks any deposited cholesterol microdomains (D, lower). Bar in A, lower, also applies to A, upper, image and both B images.
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because of the phosphotungstic acid stain that surrounds the 
particles.) As shown above (Figures II and III in the online-
only Data Supplement), AcLDL was adherent to extracellu-
lar matrix, but AcLDL itself did not immunolabel with mAb 
58B1. Thus, these small nonlabeled spherical particles were 
likely AcLDL that coisolated with the cholesterol microdo-
mains. There was no immunogold labeling when the control 
irrelevant IgM antibody was substituted for anticholesterol 
microdomain mAb 58B1 IgM antibody.

Lipidomic Analysis of Isolated Extracellular 
Cholesterol Microdomains
Like that observed by incubating macrophages with AcLDL, 
macrophage enrichment with cholesterol by incubation with 
microcrystalline cholesterol induced deposition of extracel-
lular cholesterol microdomains (Figure VI in the online-only 
Data Supplement), but avoided possible contamination by 
AcLDL of the isolated cholesterol microdomain phospho-
lipids. Lipidomic analysis of the isolated cholesterol micro-
domains revealed that there were no lipid species detected in 
lipid extraction fractions 2, 4, and 6, which includes major 
lipid classes such as ceramides, cerebrosides, sulfatides, 
phosphatidylserines, and phosphatidylinositols (Table I in the 
online-only Data Supplement). Because of limited amount of 
material, we were not able to discriminate detected fatty acids 
from background levels. Cholesterol was detected in fraction 1 
as [M+H]+ and [M-H

2
O+H]+ mass peaks with the fragmented 

water loss peak being the larger of the 2 peaks. In fraction 5, 
11 phosphatidylcholines and 2 sphingomyelins were detected 
as [M+H]+ and [M+Na]+ mass peaks with the protonated peak 
at least double the intensity of the sodiated peak (Table). The 
phosphatidylcholines/sphingomyelins molar ratio was about 
9:1, whereas the cholesterol:phospholipid molar ratio was 
about 1:1.

Cholesterol Delivery to the Plasma 
Membrane Drives Deposition of 
Extracellular Cholesterol Microdomains
Shedding of cholesterol microdomains from the plasma mem-
brane would be expected to depend on delivery of cholesterol 
to the plasma membrane. Previously, progesterone was shown 

to block delivery of AcLDL-derived cholesterol to the plasma 
membrane of macrophages after uptake and degradation of 
AcLDL.36 Thus, we tested whether progesterone blocked mac-
rophage plasma membrane shedding of cholesterol microdo-
mains. This was the case (Figure 7).

One would expect that buildup of unesterified cholesterol 
within the macrophage should stimulate macrophage depo-
sition of cholesterol microdomains. However, during incu-
bation of macrophages with AcLDL, blocking macrophage 

Figure 5. MAb 58B1 immunolabeling of isolated extracellular cholesterol microdomains. Macrophages were incubated 2 days with 50 µg/mL AcLDL (acetylated 
low-density lipoprotein) to cholesterol-enrich macrophages and cause macrophage deposition of extracellular cholesterol microdomains (B). Control macro-
phages were incubated without AcLDL (A) or with AcLDL and probucol (C) to inhibit deposition of cholesterol microdomains. Macrophages were removed from 
cultures with EDTA (ethylenediaminetetraacetic acid). Then, extracellular cholesterol microdomains were released from culture surfaces using trypsin, floated 
at d<1.21 g/mL, and immunolabeled with mAb 58B1 to reveal cholesterol microdomains. Only macrophages enriched with cholesterol deposited cholesterol 
microdomains (B), whereas no cholesterol microdomains were obtained from macrophages that were not cholesterol enriched (A). The ABCA1 (ATP-binding 
cassette transporter A1) inhibitor, probucol, substantially decreased generation of cholesterol microdomains by cholesterol-enriched macrophages (C).

Figure 6. Immunoelectron microscopy showing mAb 58B1 gold-immu-
nolabeled isolated cholesterol microdomains. Macrophages were incu-
bated 2 days with 50 µg/mL AcLDL (acetylated low-density lipoprotein) 
to cholesterol-enrich macrophages and cause macrophage deposition of 
extracellular cholesterol microdomains. Macrophages were removed from 
cultures with EDTA (ethylenediaminetetraacetic acid). Then, extracellular 
cholesterol microdomains were released from culture surfaces using tryp-
sin, floated at d<1.21 g/mL, and immunolabeled with mAb 58B1 followed 
by 10-nm gold-conjugated anti-mouse IgM antibody to show cholesterol 
microdomains. Some of the structures containing cholesterol microdo-
mains are outlined in black and indicated by arrows. Note the great varia-
tion in shape and size of these structures. Short black arrows indicate 
AcLDL that coisolated with the cholesterol microdomains during their 
flotation. Ten-nanometers gold (black dots) serves as scale.
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cholesterol esterification with the ACAT inhibitor, 58-035, 
did not increase human macrophage deposition of choles-
terol microdomains (Figure VII in the online-only Data 
Supplement). We previously showed that the human M-CSF 
differentiated monocyte-derived macrophages used in this 
study accumulate large amounts of unesterified cholesterol 
during incubation with AcLDL even without addition of an 
ACAT inhibitor.18,19 Thus, the lack of effect of addition of an 
ACAT inhibitor could have been because the amount of mac-
rophage unesterified cholesterol was not rate limiting with 
respect to deposition of cholesterol microdomains.

On the other hand, mouse M-CSF differentiated bone 
marrow–derived macrophages do not show a large buildup of 
unesterified cholesterol during their incubation with AcLDL.22 
Thus, we examined whether addition of the ACAT inhibitor 
during incubation of these macrophages would stimulate 
cholesterol microdomain deposition by these macrophages. 
Figure VII in the online-only Data Supplement shows that 
macrophage cholesterol microdomain deposition was stimu-
lated by ACAT inhibitor with these mouse macrophages.

ApoE mediates cholesterol efflux from macrophages,12 and 
extracellular matrix and cell surface pools of ApoE have been 
demonstrated.37 Thus, it was of interest to learn whether this 
apolipoprotein colocalized with the extracellular cholesterol 
microdomains. Double immunolabeling of deposited cho-
lesterol microdomains and extracellular ApoE showed that, 
although ApoE was found associated with the macrophage 
cell surface and extracellular matrix, it did not colocalize 
with cholesterol microdomains (Figure VIII in the online-only 
Data Supplement). In addition, deficiency of ApoE in bone 

marrow–derived mouse macrophages did not affect macro-
phage deposition of extracellular cholesterol microdomains 
(Figure IX in the online-only Data Supplement). Another apo-
lipoprotein expressed by macrophages, ApoC1,38 also did not 
colocalize with cholesterol microdomains as it was not found 
in the extracellular matrix (data not shown).

BODIPY-Cholesterol Fails to Enter 
Extracellular Cholesterol Microdomains
Studies from the Ikonen laboratory have shown that fluores-
cent BODIPY-cholesterol linoleate incorporated into LDL 
can be used to trace the trafficking of LDL-derived choles-
terol in cells.33,39 LDL delivers BODIPY-cholesterol linole-
ate to cellular lysosomes where free BODIPY-cholesterol is 
generated after lysosomal hydrolytic release of linoleate from 
the BODIPY-cholesterol linoleate. Then, the free BODIPY-
cholesterol traffics to the plasma membrane and endoplasmic 
reticulum, the latter where it is re-esterified and stored in lipid 
droplets. As previously observed for BODIPY-cholesterol 
linoleate incorporated into LDL,33,39 we observed that for 
BODIPY-cholesterol linoleate incorporated into AcLDL, 
fluorescent BODIPY-cholesterol accumulated within intracel-
lular inclusions known to include endosomal and lysosomal 
pools of cholesterol, and within the plasma membrane after 
a 24-hour incubation with this agent. Immunolabeling of 
these same macrophages with anticholesterol microdomain 
mAb 58B1 revealed that no BODIPY-cholesterol was present 
within the macrophage-deposited cholesterol microdomains 
(Figure 8).

Filipin Does Not Label Extracellular 
Cholesterol Microdomains
Filipin is a fluorescent polyene probe that labels molecular 
cholesterol within the plasma membrane and intracellular 
organelles such as lysosomes34,40 and is commonly used in 
studies of cellular cholesterol metabolism. Therefore, it was of 
interest to learn whether this cholesterol-binding probe would 
also label the highly organized microdomain arrays of choles-
terol that mAb 58B1 detects. Colocalization of filipin staining 
(blue) and mAb B58 immunolabeling (green) of cholesterol-
enriched macrophages showed that although filipin uniformly 
labeled the plasma membrane, it did not label the extracel-
lular cholesterol microdomains deposited by the macrophages 
(Figure X in the online-only Data Supplement).

Discussion
To date, research on cellular excretion of excess cholesterol 
has demonstrated cellular cholesterol release in the form of 
membranous vesicles and discoidal HDL particles released 
into the fluid-phase medium.10,16 Some of the released mem-
branous vesicles could be derived from exosomes,17,41 the inter-
nal vesicles of multivesicular lysosomes that are released from 
cells when these lysosomes fuse with the plasma membrane. 
However, the macrophage-deposited extracellular cholesterol 
microdomains we characterize here are not exosomes as they 
are not vesicles (discussed below). Furthermore, exosomes 
are enriched with phosphatidylserine in an amount greater 
than sphingomyelin and ceramide in an amount greater than 

Table. Phospholipid Species in Isolated Extracellular Cholesterol Microdomains

Phospholipid Species %

SM(d34:1)+H 7.0

SM(d34:0)+H 1.4

SM(d34:1)+Na 1.5

SM(d34:0)+Na 0.4

PC(32:1)+H 3.3

PC(32:0)+H 9.7

PC(32:1)+Na 0.3

PC(32:0)+Na 1.2

PC(34:2)+H 3.7

PC(34:1)+H 13.9

PC(34:2)+Na 1.6

PC 36a:4+H/PC34a:1+Na 16.5

PC(36:2)+H 5.8

PC(36:1)+H 5.5

PC(36:4)+Na 2.0

PC(38:5)+H/PC(36:2)+Na 7.0

PC(38:4)+H/PC(36:1)+Na 14.9

PC(38:5)+Na 1.4

PC(38:4)+Na 2.8

PC indicates phosphatidylcholine; and SM, sphingomyelin.
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cholesterol.42 This contrasts with the absence of ceramide or 
phosphatidylserine in the extracellular cholesterol microdo-
mains. Besides their unique shape and cholesterol enrichment, 
in addition, our findings indicate the unexpected transfer pro-
cess of shedding of the cholesterol microdomains from the 
plasma membrane into the extracellular matrix.

When viewed by conventional fluorescence microscopy, 
the extracellular cholesterol microdomains deposited by 
cholesterol-enriched human monocyte-derived macrophages 
appear spherical in shape. However, the findings of the cur-
rent study reveal that the spherical shape was an artifact of 
the low resolution of conventional fluorescence microscopy.41 
Using STED super-resolution fluorescence microscopy, AFM 
of extracellular cholesterol microdomains in situ, and electron 
microscopy of isolated cholesterol microdomains, we have 
demonstrated that the structures containing cholesterol micro-
domains are not spherical but rather are branching irregularly 
shaped deposits. This finding of branching irregularly shaped 
cholesterol-containing structures was unexpected as previously 
observed biological structures enriched with cholesterol have 
usually shown needle- or plate-shaped crystals or membrane 
enveloped structures, the latter usually in the form of oligola-
mellar liposomes or spherical vesicles.10,15,42,43 The structures 
containing the extracellular cholesterol microdomains did not 
show a crystalline, vesicular, or liposomal structure. Rather, 
our findings indicate that the cholesterol microdomains origi-
nate from cholesterol accumulation within the plasma mem-
brane that then is shed into the extracellular matrix in the form 
of these branching irregularly shaped structures. Some of the 

shed extracellular cholesterol microdomains were arranged in a 
linear deposit extending from the macrophage edge suggesting 
that these deposits could have been derived from nanopodia, a 
type of thin cell extension associated with tetraspanin family 
cholesterol-binding proteins.44 However, we did not detect any 
macrophage-associated tetraspanins with these deposits (X. Jin 
and H. Kruth, unpublished data).

The uniqueness of the mAb 58B1 that detects the choles-
terol microdomains reported here should be emphasized in that 
this antibody does not label the plasma membrane unless there 
has been substantial cholesterol enrichment of cells. This con-
trasts with the commonly used cholesterol probe, filipin, that 
uniformly labels cellular plasma membranes. Filipin did not 
label the cholesterol microdomains, and thus, these choles-
terol microdomains would not have been visualized in studies 
using filipin to study cholesterol trafficking. The lack of fili-
pin staining of the cholesterol microdomains labeled by mAb 
58B1 relates to the fact that filipin intersperses among mainly 
phosphatidylcholine molecules to bind molecularly dispersed 
cholesterol,45 whereas filipin could not intersperse among the 
highly organized cholesterol structure in the microdomains.

We show here that buildup of unesterified cholesterol 
within macrophages promotes macrophage deposition of 
cholesterol microdomains. On the other hand, blocking the 
transport of this cholesterol to the plasma membrane with 
progesterone decreased macrophage deposition of cholesterol 
microdomains. Thus, cholesterol enrichment of the plasma 
membrane is closely linked with formation of cholesterol 
microdomains. This is consistent with our earlier findings that 

Figure 7. Progesterone inhibits macrophage deposition of extracellular cholesterol microdomains. Macrophages were incubated 1 day with 50 µg/mL AcLDL 
(acetylated low-density lipoprotein) and 5 µmol/L TO9 (TO901317) without (A and C) or with 10 µg/mL progesterone (B and D) to block cholesterol transport 
to the plasma membrane. After paraformaldehyde fixation, cholesterol microdomains were immunolabeled green with mAb 58B1 and nuclei were stained blue 
with 4′,6-diamidino-2-phenylindole (DAPI). C, D, Phase-microscopic images of their respective fluorescence images, A and B, above. Bar in D applies to all.
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ABCA1 and ABCG1 proteins, known to mediate transport of 
excess cholesterol to the plasma membrane,25,26 also mediate 
deposition of the extracellular cholesterol microdomains.19,21

In this regard, cholesterol enrichment of model cholesterol-
phospholipid bilayers leads to the formation of lateral phase-
separated cholesterol bilayer nanodomains (also referred to as 
2-dimensional cholesterol crystals) within the phospholipid 
bilayers46–50 (Figure 6 in Preston Mason et al51). The baseline 
cholesterol and phospholipid composition of the plasma mem-
brane of human monocyte-derived macrophages is 25% cho-
lesterol and 75% phospholipid.52 Cholesterol enrichment of 
40% to 54% of model supported phosphatidylcholine bilayer 
membranes induces cholesterol bilayer microdomains within 
the phosphatidylcholine bilayer membranes.50,53 Similarly, in 
model phospholipid-cholesterol multilamellar liposomes, cho-
lesterol bilayer microdomains begin to form at a cholesterol 
content >50%.54 Cholesterol bilayer microdomains do not just 
occur in model bilayer membranes but also were shown in 
plasma membranes of smooth muscle cells isolated from rab-
bit atherosclerotic lesions.47 These plasma membranes showed 
a 1/1 molar ratio of cholesterol/phospholipid consistent with 
the occurrence of cholesterol bilayer microdomains in model 
phospholipid-cholesterol bilayers at this ratio of cholesterol/
phospholipid. The cholesterol microdomains isolated here 
showed a 1/1 molar ratio of cholesterol/phospholipid, and 
thus, the occurrence of cholesterol bilayer microdomains in 
these extracellular macrophage-deposited structures would 
be possible. The cholesterol microdomains we character-
ize here are not rafts, which are specialized cholesterol- and 
sphingomyelin-rich microdomains present within the plasma 
membrane. Lipidomic analysis of the isolated extracellular 
cholesterol microdomains showed that phosphatidylcholines 

outnumbered sphingomyelins about 9:1, and thus, the extra-
cellular cholesterol microdomains are dissimilar to membrane 
rafts, which are enriched with sphingomyelins showing a 
phosphatidylcholines/sphingomyelins ratio of about 1:1.52,55,56

Cholesterol bilayer microdomains that form in model 
cholesterol-phospholipid bilayers show labeling with anti-
cholesterol microdomain mAb 58B1,24 and thus, cholesterol 
bilayer microdomains are the likely source of the extracellular 
mAb 58B1–labeled cholesterol microdomains that macro-
phages deposit into the extracellular matrix. Supporting this 
possibility is the finding that cholesterol enrichment of sup-
ported model phospholipid bilayer membranes induces elon-
gated lipid protrusions emanating from the bilayer.24,57,58 The 
released lipid protrusions spontaneously convert to spherical 
structures observed by conventional fluorescence microscopy 
(Figure 3A in Rahimi et al58). In a similar manner, choles-
terol enrichment of macrophage plasma membranes could 
cause shedding of cholesterol bilayer microdomains that we 
observed with AFM.

Transfer of cholesterol microdomains from the plasma 
membrane into the extracellular matrix by the macrophages is 
also supported by our previous finding that treatment of mac-
rophages with SU6656, a kinase inhibitor, causes accumula-
tion of cholesterol microdomains on the plasma membrane 
rather than in the extracellular matrix.18 The regular distribu-
tion of cholesterol microdomains underlying the macrophages 
and surrounding the macrophages could be because of transfer 
of the cholesterol microdomains into the extracellular matrix 
during contact of the plasma membrane with the extracel-
lular matrix. The fact that cholesterol microdomains extend 
for a distance beyond the plasma membrane border most 
likely reflects that in the living state, the peripheral plasma 
membrane is very dynamic, showing membrane ruffling with 
extension and withdrawal of plasma membrane projections 
(Figure I in the online-only Data Supplement in Anzinger et 
al59 for video showing motion of human M-CSF differentiated 
monocyte-derived macrophages like those used in this study). 
Like previous reports,60,61 we observed that cholesterol enrich-
ment of the macrophages increased plasma membrane ruffles, 
possibly promoting plasma membrane contact and transfer of 
plasma membrane cholesterol microdomains to the extracel-
lular matrix.

Previously, we reported that the extracellular cholesterol 
microdomains did not show the plasma membrane marker 
CD14 and, thus, do not reflect random shedding of plasma 
membrane pieces.22,62 The cholesterol microdomains are also 
shed very selectively from other pools of plasma membrane 
cholesterol. This was shown by the lack of shedding of plasma 
membrane BODIPY-cholesterol, derived from macrophage 
uptake of AcLDL carrying incorporated BODIPY-cholesterol 
linoleate. Although BODIPY-cholesterol did accumulate 
within intracellular inclusions and in the macrophage plasma 
membrane, it did not deposit within the extracellular matrix 
along with the cholesterol microdomains. This is consistent 
with the structural constraint imposed by the BODIPY fluo-
rophore attached to the hydrophobic region of cholesterol 
that should prevent BODIPY-cholesterol from packing in 
an ordered tail-to-tail arrangement within the bilayer. Thus, 
BODIPY-cholesterol would not be expected to enter the 

Figure 8. BODIPY (4, 4-difluoro-4-borata-3a-azonia-4a-aza-s-indacene)–
labeled cholesterol does not deposit with extracellular cholesterol micro-
domains. Macrophages were incubated 1 day with 50 µg/mL AcLDL 
(acetylated low-density lipoprotein; with incorporated BODIPY-cholesterol 
linoleate) and 5 µmol/L TO9 (TO901317). Then, macrophages were fixed 
and immunolabeled with the anticholesterol microdomain mAb 58B1 
indicated by red fluorescence. BODIPY-cholesterol is indicated by green 
fluorescence. Note that while BODIPY-cholesterol is present within the 
plasma membrane (arrows) and intracellular deposits (arrowheads), 
BODIPY-cholesterol does not enter extracellular cholesterol microdomains 
that surround the macrophages.
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ordered cholesterol bilayer microdomains and, thus, would 
not be expected to be shed along with the ordered choles-
terol bilayer microdomains, consistent with our findings. If 
cholesterol microdomains were released from macrophages 
by exocytosis of intracellular membranes, although BODIPY-
cholesterol would not be incorporated into any released cho-
lesterol microdomains, BODIPY-cholesterol present within 
noncholesterol microdomains should have deposited into the 
extracellular matrix and this was not the case.

MAb 58B1 also immunolabeled cholesterol microdomains 
regions that were present on the apical plasma membrane that 
likely does not contact the extracellular matrix. Interestingly, 
quadrilateral regions that did not immunolabel with mAb 58B1 
occurred within these plasma membrane–associated choles-
terol microdomains. The nonlabeled structures most likely 
were 3-dimensional cholesterol crystals similar to those occur-
ring on the plasma membrane surface of cholesterol-enriched 
RAW 264 murine macrophages.63 Three-dimensional choles-
terol monohydrate crystals form in model phospholipid bilayer 
membranes when membranes are progressively enriched with 
cholesterol using cyclodextrin-cholesterol complexes to deliver 
cholesterol to the phospholipid bilayer or when mixtures of lip-
ids and sufficient cholesterol are used to produce the bilayer 
membranes.24,57,64 This occurs in phosphatidylcholine multila-
mellar liposomes when the cholesterol content is >66%.64,65 The 
lack of mAb 58B1 immunolabeling of the crystalline structures 
formed within the plasma membrane–associated cholesterol 
microdomains is consistent with the observation that choles-
terol monohydrate crystals do not immunolabel with mAb 
58B1 on their large flat surface, but rather immunolabel only 
around their narrow edges.28 We saw no microscopic evidence 
for the formation of cholesterol crystals in association with the 
macrophage-deposited extracellular cholesterol microdomains. 
Plasma membrane shedding of particles containing cholesterol 
microdomains could be a mechanism to prevent nucleation of 
cholesterol crystals by cholesterol bilayer microdomains at the 
plasma membrane surface where cholesterol is continuously 
being trafficked during cholesterol enrichment of cells.66

Macrophage-derived ApoE is an apolipoprotein that can 
mediate cholesterol efflux from human serum-differentiated 
macrophages that take up cholesterol crystals within surface-
connected compartments by the process patocytosis.67,68 
Macrophage-derived ApoE localizes to these surface-con-
nected compartments, which might facilitate ApoE mediation 
of cholesterol efflux from these macrophages. On the other 
hand, ApoE did not colocalize with the extracellular cho-
lesterol microdomains, and ApoE absence did not affect the 
level of macrophage-deposited cholesterol microdomains. 
Previously, we showed that exogenously added ApoA1 (and 
ApoE in unpublished data) mediates mobilization of the 
extracellular cholesterol microdomains, most likely because 
of formation of nascent HDL, because mobilization depends 
on ABCA1.18,22 Thus, one may have expected macrophage-
derived ApoE to decrease cholesterol microdomains. However, 
it is likely that macrophage-derived ApoE concentration in the 
medium does not reach sufficient levels to mediate mobiliza-
tion of the extracellular cholesterol microdomains.

Although in this report we have characterized the choles-
terol microdomains deposited by cholesterol-enriched human 

monocyte-derived macrophages, we have also found that other 
cholesterol-enriched cells such as smooth muscle cells and 
endothelial cells also deposit extracellular cholesterol micro-
domains (unpublished data). This suggests that cells use extra-
cellular deposition of cholesterol as a general mechanism to 
help maintain plasma membrane cholesterol homeostasis. This 
is significant because plasma membrane cholesterol content 
affects many cellular functions.1–3 Furthermore, recognition 
that cells shed cholesterol microdomains is important to our 
understanding of diseases where cholesterol has been impli-
cated in the pathogenesis of the disease such as atherosclerosis.
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Highlights
• Cholesterol-enriched macrophages deposit extracellularly cholesterol microdomains contained within unique branching irregularly shaped 

structures.
• The cholesterol microdomains are shed from the plasma membrane into the extracellular matrix when unesterified cholesterol increases in the 

macrophage and is transported to the plasma membrane.
• The lipid composition of shed cholesterol microdomains distinguishes them from plasma membrane rafts.
• Macrophage deposition of cholesterol microdomains helps explain buildup of cholesterol in the extracellular matrix of atherosclerotic lesions.




