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Micrometric lipid compartmentation at the plasma membrane is disputed. Using live confocal imaging, we
found that three unrelated fluorescent sphingomyelin (SM) analogs spontaneously clustered at the outer
leaflet into micrometric domains, contrasting with homogeneous labelling by DilC18 and TMA-DPH. In
erythrocytes, these domains were round, randomly distributed, and reversibly coalesced under hypotonicity.
BODIPY-SM and -glucosylceramide showed distinct temperature-dependence, in the same ranking as Tm for
corresponding natural lipids, indicating phase behaviour. Scanning electron microscopy excluded
micrometric surface structural features. In CHO cells, similar surface micrometric patches were produced
by either direct BODIPY-SM insertion or intracellular processing from BODIPY-ceramide, ruling out
aggregation artefacts. BODIPY-SM surface micrometric patches were refractory to endocytosis block or
actin depolymerization and clustered upon cholesterol deprivation, indicating self-clustering at the plasma
membrane. BODIPY-SM excimers further suggested clustering in ordered domains. Segregation of BODIPY-
SM and -lactosylceramide micrometric domains showed coexistence of distinct phases. Consistent with
micrometric domain boundaries, fluorescence recovery after photobleaching (FRAP) revealed restriction of
BODIPY-SM lateral diffusion over long-range, but not short-range, contrasting with comparable high mobile
fraction of BODIPY-lactosylceramide in both ranges. Controlled perturbations of endogenous SM pool
similarly affected BODIPY-SM domain size by confocal imaging and its mobile fraction by FRAP. The latter
evidence supports the hypothesis that, as shown for BODIPY-SM, endogenous SM spontaneously clusters at
the plasmalemma outer leaflet of living cells into ordered micrometric domains, defined in shape by liquid-
phase coexistence and in size by membrane tension and cholesterol. This proposal remains speculative and
calls for further investigations.
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1. Introduction sphingomyelin (SM) are not only essential for membrane structure/

organization [1], but also play important signalling roles [2]. In the

Lipids are the most abundant constituents of biological membranes
and regulate their fluidity. Among them, sphingolipids (SLs) including
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original fluid mosaic model, plasma membrane (PM) lipids were
considered to form a homogeneous two-dimensional bilayer, serving
as fence to hydrophilic compounds, as gate to small hydrophobic
molecules, and as solvent for transmembrane proteins [3]. However, it
has become increasingly accepted that some membrane lipids,
including SM and cholesterol, spontaneously cluster into discrete
“lipid rafts”, thereby creating lateral asymmetry [4,5]. Lipid rafts are
defined as nanometric heterogeneous membrane domains enriched in
cholesterol and SLs bearing saturated alkyl chains, which become
closely packed to form together liquid-ordered (L,) domains [6]. Lipid
rafts are operationally defined either as non-ionic detergent-resistant
membranes at low temperatures (DRMs), which can be further
purified by floatation in density gradients [6,7], or by their sensitivity
to cholesterol- or SLs-depleting agents [8]. Nanometric lipid rafts can
be visualized by atomic force microscopy [9], by stimulated emission
depletion far-field fluorescence nanoscopy [10], or by confocal
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microscopy upon cross-linking procedures, such as binding of the
pentavalent B subunit of cholera toxin (CTXB) to GM1, arepresentative
SL, or antibody-mediated cross-linking of GPI-linked proteins into
caveolae [11]. However, attempts to visualize lipid rafts by confocal
microscopy without cross-linking have remained unsuccessful [for
reviews, see 12,13]. PM lipid rafts can recruit a variety of proteins that
regulate various signalling events [for a review, 14], including at the
immunological synapse [15], and may participate in clathrin-inde-
pendent endocytosis [16]. In yeast, although some PM proteins show
mutually exclusive localization, all of them are associated with DRMs
at the cell surface, due to the abundance of extremely long chain SLs
and the ability of ergosterol to form remarkably resistant micro-
domains [17]. These observations underline the heterogeneity of rafts.

Whereas a consensus has been reached on a general definition of
nanometric rafts [18,19], the concomitant occurrence of micrometric
domains at the PM of living cells under physiological conditions is
largely debated [20], if not dismissed [21]. In model (but artificial)
systems of liposomes or PM-derived structures labelled by mixtures of
fluorescent lipid analogs or lipidomimetic dyes, micrometer-large
domains can be readily visualized due to partition between L,- and
liquid-disordered (Lg)-phases. Examples include mixing of fluorescent
lipid analogs with purified natural lipids or with complex lipidic extracts
from cell membranes, followed by formation of giant unilamellar
vesicles (GUVs) or supported lipid monolayers [22,23]; or insertion of
fluorescent lipids into large plasma membrane vesicles (GPMVs) [24].
About two decades ago, Rodgers and Glaser even reported that labelling
of erythrocyte ghosts with Lq-fluorescent glycerophospholipids con-
centrated into one or two micrometric domains, with distributions
depending on the headgroup, but less-defined equivalents were noticed
in the living state [25]. Alternatively, formation of lipid domains visible
in living cells by fluorescence microscopy often required major
alterations in lipid contents. For instance, surface digestion of living
erythrocytes by phospholipase C/sphingomyelinase led to the forma-
tion of micrometric domains enriched with fluorescent ceramide [26].
Likewise, lowering cholesterol levels induced the formation of visible
micrometric domains on several mammalian cell types [27]. It is thus no
surprise that the very artificial conditions mostly used so far to evidence
micrometric domains led instead to the opposite suggestion, i.e. that the
formation of such micrometric lipid membrane domains in untreated
living cells is actually prevented, due to interactions with membrane
proteins and with the cytoskeleton [24].

However, phase coexistence of micrometric lipid membrane
domains has been documented in living cells, in some cases with un-
questionable approaches, but in other cases under non-physiological
conditions, which left critical readers sceptical on the whole concept. In
living erythrocytes, phase coexistence has been evidenced by: (i)
Laurdan general polarization (GP) values at 25-35 °C, which allowed to
detect lipid order and phases [28]; (ii) phase mapping, which
distinguished two types of domains, of either low fluidity, low spacing
and high order; or higher fluidity and larger spacing [29]; (iii) FTIR
(Fourier transform infrared spectroscopy), which unravelled multiple
sharp membrane phase transitions at4 °C[30]. On living blood platelets,
the distribution of the L,-lipidomimetic synthetic dye DilC18 becomes
inhomogeneous around 24 °C, suggesting lipid phase separation [31,32].
In nucleated cells, micrometric membrane patches with phase separa-
tion have also been reported: (i) in CHO cells at 33-34 °C with NBD-SM
[27]; (ii) in macrophages with Laurdan GP values at physiological
temperatures [33]; and (iii) in fibroblasts with BODIPY-L-t-lactosylcer-
amide at 10 °C [34].

Besides imaging and biophysical methods, the existence of
domains has also been supported by functional evidence. In their
landmark 1987 paper, Yechiel and Edidin studied living fibroblasts
after insertion of NBD-phosphatidylcholine (PC) and reported that the
comparison of lateral diffusion parameters derived from fluorescence
recovery after photobleaching (FRAP) of increasing field sizes implied
the existence of micrometer-scale domains [35]. Since the organiza-

tion of membrane domains can alternatively be probed using fluo-
rescent proteins, combined confocal and FRAP analyses of polarized
epithelial cells transfected with expression vectors for fluorescent
protein, engineered to partition or not with rafts, revealed large
domains at the apical PM, much larger than expected from the usual
“small” rafts [36]. However, with a few exceptions listed above, large
lipid domains have not been detected in untreated cells. Furthermore,
the relevance of micrometric domains resulting from cross-linking in
living cells [37], as well as their genuine existence as opposed to
anatomical features such as folds, ruffles, microvilli and filopodia
[38,39] have been questioned.

Yet, elucidating the organization of lipids at the PM under
physiological conditions is of paramount importance. Indeed, “stable”
lipid phases may determine lipid mobility and duration of their
interactions with membrane proteins, and therefore deeply affect
membrane functionality as a whole. We here re-examined whether
micrometric SM domains could naturally occur at the PM of the
smooth-membraned erythrocytes and on the well-characterized CHO
cell line, using fluorescent analogs analyzed by confocal imaging and
FRAP. Four reasons guided our main choice on BODIPY>%>-SM. Firstly,
BODIPY>%>-SM shows a very high quantum yield and good photo-
stability. Secondly, SM is the major SL in human erythrocytes and in
most other mammalian cells, and it plays important structural and
signalling roles [2]. Thirdly, SM is restricted to the outer PM leaflet,
where various fluorescent analogs can be readily inserted and an-
alyzed without flip-flop and diffusion into the cytosol, allowing to
study their clustering by confocal microscopy and their dynamics by
FRAP. Alternatively, BODIPY-SM can be generated inside the cell upon
enzymatic conversion from BODIPY-ceramide, an invaluable approach
to rule out primary aggregation artefacts. Fourthly, SM bears long
saturated acyl chains, thus forming gel-like phases by ordered lipid:
lipid interactions, which can be probed by spectral shift of emitted
light at high BODIPY>%>-SM concentration (excimers).

We here provide several lines of evidence showing that BOD-
IPY>®>-SM and two other SM analogs spontaneously cluster at the
outer PM leaflet of living cells into ordered micrometric domains,
defined in shape by liquid-phase coexistence and in size by
membrane tension and cholesterol, but without requiring cortical
microfilaments. This general conclusion is based on (i) the combina-
tion of confocal imaging at various temperatures and in several cell
types as well as multiple conditions with lateral diffusion measure-
ments by FRAP for three fluorescent SM analogs; (ii) careful exclusion
of a variety of possible artefacts; and (iii) the study of the relation with
endogenous SM, by its selective depletion and repletion. To the extent
that these analogs are reasonable qualitative surrogates of endoge-
nous SM, the latter line of evidence supports the hypothesis that SM
may naturally form micrometric PM domains, but this proposal needs
to be further and thoroughly tested.

2. Materials and methods
2.1. Commercial lipids and reagents

1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamine B sulfonyl) (N-Rh-PE), lyso-sphingomyelin, glucosyl-p-
sphingosine and lactosyl-p1-sphingosine were from Avanti polar
lipids. Ceramides, sphingomyelins, GM3 and glucocerebrosides were
from Matreya. p-erythro N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-
diaza-s-indacene-3-pentanoyl)sphingosyl1-f>-p-lactoside (BODIPY-
D-e-LacCer) was a kind gift of Professor D. Pagano. All other
fluorescent lipids, Amplex Red Cholesterol assay kit, N-hydroxysucci-
nimidyl ester of 4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-
indacene-3-pentanoic acid (BODIPY>**-fatty acid), and off 6-(((4-
(4,4-difluoro-5-(2-thienyl)-4-bora-3a,4a-diaza-s-indacene-3-yl)phe-
noxy)acetyl)amino)hexanoic acid (BODIPY>8%-fatty acid) and Vybrant
Dil (DilC18) were from Invitrogen. TMA-DPH, poly-L-lysine (70-
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150 kDa), methyl-beta-cyclodextrin (mpBCD), mpCD:cholesterol com-
plex (6:1 molar ratio), fumonisin B1 (FB1), Bacillus cereus sphingo-
myelinase (SMase), defatted bovine serum albumin (DF-BSA), NaN3
and 2-deoxy-D-glucose were from Sigma-Aldrich. Latrunculin B was
from Merck.

2.2. Synthesis and analysis of fluorescent lipids

SM, GlcCer and D-e-LacCer were conjugated to BODIPY>®® (or
BODIPY>®%) by N-acylation [40] of lyso-sphingomyelin, glucosyl-R-
sphingosine and lactosyl-p1-sphingosine respectively, using the N-
hydroxysuccinimidyl ester of corresponding BODIPY-fatty acids. The
two reagents were mixed in acetonitrile solvent in the presence of
diisopropylethylamine (Sigma-Aldrich) under argon atmosphere and
the reaction was allowed to develop at 37 °C during 20-30 h. Products
were purified by preparative thin (1 mm) layer chromatography
(TLC) in silica gel 60 Fys4 (Merck, Amsterdam) using chloroform:
methanol (9:1, v/v). After scraping, TLC bands were extracted by
filtration using elution by ethyl acetate:isopropanol (8:2, v/v). After
evaporation, final products were dissolved in ethanol. The identity
and purity of the products were confirmed by 2H-NMR and mass
spectrometry. Lipid concentration was determined using a Perkin-
Elmer LS-30 spectrofluorimeter by reference to standards. To study
BODIPY-ceramide to -SM bioconversion, total cell lipids were
extracted [41] and analyzed by TLC in chloroform:methanol:15 mM
CaCl, (65:35:8; v/v/v) [42].

2.3. Erythrocyte isolation, immobilization on poly-L-lysine and labelling
with fluorescent probes

Human erythrocytes were collected from two healthy donors by
veinopuncture in dry EDTA tubes and 100 pul were diluted 1:10 in
Hank's Buffered Salt Solution (HBSS; 137.9 mM NaCl, 10 mM HEPES,
pH 7.2, 5.5 mM bp-glucose, 5.3 mM KCl, 1.26 mM CaCl,, 0.49 mM
MgCl,, 0.44 mM KH,PO4, 0.41 mM MgS0,, 0.34 mM Na,HPOQ,), except
stated otherwise, and centrifuged at 1300 rpm (133 xg) for 2 min in a
Jouan centrifuge. The pellet was washed again by suspension in 1 ml
HBSS, centrifugation as above and resuspension. Twenty pl of the
resuspension were diluted 1:50 in HBSS and allowed to bind at the
final temperature for 7 min to a 1.33-cm? glass coverslip precoated for
maximum 5 min with 0.01% poly-L-lysine (w/v). After 3 washes with
HBSS, coverslip-bound erythrocytes were adapted to the final
temperature for 2-10 min, then labelled with 1 pM BODIPY>%>-SM
or -GlcCer or 4.5 uM TMA-DPH, all in HBSS containing DF-BSA (1:1
molar ratio) at 4 °C for 30 min or at 20 °C, 30 °C or 37 °C for 15 min,
and examined after 5 rapid washes (except for TMA-DPH). Coverslips
were then placed bottom-up into a Lab-Tek chamber so that the free
upper cell surface (not in contact with poly-L-lysine) was directly
viewed by the objective at the controlled temperature. Alternatively,
since DilC18 aggregated at 20 °C, erythrocytes were incubated with
5uM Vybrant Dil (DilC18) in HBSS containing 1 mg/ml DF-BSA at
37 °Cfor 15 min, then washed in HBSS at 20 °C or 37 °C and examined
at the same temperature.

2.4. Scanning electron microscopy

Adherent erythrocytes (labelled or not with BODIPY>%>-SM) were
extensively washed with HBSS, rinsed twice in 0.14 M cacodylate
buffer, pH 7.4, then fixed at room temperature with carefully
increasing glutaraldehyde concentrations [Fluka-Sigma; 0.1, 0.5 and
1% (v/v) in 0.1 M cacodylate buffer for 30 min each], followed by 2%
glutaraldehyde at 4 °C overnight. The next day, samples were
extensively washed in 0.1 M cacodylate buffer and post-fixed with
1% (w/v) 0sO4 at 4 °C for 2 h. Samples were then dehydrated in
graded ethanol series and critical-point dried (CPD 0.20, Balzers
Union, Liechtenstein). A 10-nm gold film was sputter-coated, and

specimens were observed in a CM12 electron microscope at 80 kV
with the use of the secondary electron detector (Philips, Eindhoven,
Netherlands).

2.5. Cell culture, transfection and pharmacological treatments

CHO and Hela cells were propagated in DMEM/F-12 medium
(Gibco-Invitrogen; hereafter referred to as medium) supplemented by
10% fetal calf serum (FCS) and antibiotics (10 pg/ml streptomycin and
66 pg/ml penicillin; all from Gibco-Invitrogen). J774 were propagated
as previously described [43]. For experiments, cells were seeded at
20,000/cm? and grown till ~90% confluency (2 days) on Lab-Tek
chambers (Nunc, Roskilde, Denmark; live cell imaging and FRAP) or
Petri dishes (biochemical experiments). CHO cells were transfected
with actin-YFP or GPI-GFP plasmids [36] using lipofectamine at 37 °C
for 5 h (0.25 pg DNA and 0.5 pl lipofectamine/cm?), after which cells
were transferred into fresh medium supplemented by 10% FCS without
antibiotics for 24 h. Control experiments indicated that lipofectamine
treatment one day before confocal imaging had no detectable effect on
BODIPY-SM micrometric domains.

When appropriate, before surface labelling, cells were preincu-
bated at 37 °C with 25 or 50 nM latrunculin B for 30 min, 0.1 U/ml
SMase for 30 min, or 5 mM mfCD for 3 h, all in medium; or 0.4 mM
mpPCD:Chol for 2 h or 30 uM FB1 for 48 h, both in serum-containing
medium. SMase treatment led to ~50% total SM depletion, which was
reversible upon incubation with serum-containing medium at 37 °C
for 4 h. FB1-treatment led to ~40% total SM depletion (Supplementary
Table 2). Some FB1-treated cells were selectively replenished with
20 uM Cg-ceramide, Cg-SM or GM3 at 4 °C for 30 min. None of these
treatments caused detectable toxicity, as shown by lack of significant
release of lactate dehydrogenase in the medium. To block endocytosis,
cells were either ATP-depleted by incubation at 37 °C for 5 min in
glucose-free medium supplemented by 10 mM NaN3 and 50 mM 2-
deoxy-p-glucose, or K*-depleted by incubation in hypotonic medium
at 37 °C for 5 min, then in K*-free medium for 30 min [44]. Live cell
imaging and FRAP analysis were performed in the continued presence
of latrunculin B, ATP- or K™ -depleting medium.

2.6. Cell surface labelling with fluorescent probes

Most experiments were carried out with BODIPY’*>-SM (also
referred to for simplicity as BODIPY-SM) in CHO cells. Unless using the
dialysis procedure (see below), dried lipid analogs were dissolved in
absolute ethanol and mixed with medium enriched with equimolar
DF-BSA and 30 mM HEPES under vigorous vortexing, then cleared of
aggregates by centrifugation at 14,000 x g for 5 min. Unless otherwise
stated, for surface labelling, cells were transferred into ice-cold
medium for 10 min, then incubated at 4 °C for 30 min with the
following lipid:BSA complexes at <0.5% final ethanol concentration:
1 pM BODIPY>%>-SLs (-SM, -D-e-LacCer) (except 5 uM BODIPY>?>-SM
for excimer studies), 1.5 M BODIPY>8°-SM, 3 pM BODIPY%°-GlcCer,
5uM NBD-SM or 5pM N-Rh-PE. Alternatively, to further exclude
insertion as aggregates, BODIPY-SM was incorporated into cells after
dialysis and ultracentrifugation as described [45]. Briefly, BODIPY-SM
was dissolved in ethanol and mixed with equimolar BSA in medium
and the complex was dialyzed overnight at 4 °C against medium (MW
cut-off 12-14 kDa; Spectra/Por molecular porous membrane) and
spun at 100,000 x g for 20 min. The concentration of BODIPY-SM:BSA
complexes in the supernatant was determined by fluorescence with
reference to a known standard. For bioconversion experiments, CHO
cells were surface-labelled with 5 M BODIPY>%>-ceramide in ice-cold
culture medium for 30 min as above, rapidly washed and incubated at
37 °C to allow for intracellular processing into BODIPY>%>-SM. After
cell surface labelling or further bioconversion, cells were washed 5
times with serum-free medium at 4 °C, then analyzed by confocal
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microscopy or FRAP. Level of insertion and integrity of probes were
evaluated, as reported at Supplementary Table 1.

2.7. Live cell imaging

All morphological studies were performed by vital imaging using
Plan-Apochromat 63x/1.4 oil immersion objectives, except for TMA-
DPH (C-Apochromat 63x/1.2 water objective). After labelling with
fluorescent lipids, cells were washed, transferred to medium adjusted
to the observation temperature set at 10 °C, 20 °C, 30 °C or 37 °C as
indicated, and immediately analyzed by confocal microscopy at the
same temperature. Alternatively, CHO cells were submitted to
extensive surface back-exchange at 4 °C with 5% BSA (w/v; 3 rounds
of 10 min each) prior to examination. Imaging was performed with a
Zeiss LSM510 confocal microscope set at 20 °C, 30 °Cor 37 °C (XL/LSM
incubator, Zeiss), or with a Bio-Rad MRC1024/Zeiss Axiovert M135
confocal microscope equipped with a cooling/warming stage adjust-
ed to reach an effective temperature of ~10 °C in the observation
chamber (Lauda Ecoline Staredition RE106; Lauda-Konigshofen,
Germany). We verified that after labelling at 4 °C followed by
reincubation at 10 °C for 20 min, <3% of the total pool of BODIPY>?>-
SM acquired resistance to surface back-exchange at 4 °C, confirming
the low-temperature endocytosis block. Fields were generally
recorded at the bottom (flat) PM to minimize surface anatomical
features and to avoid saturation of the lateral PM labelling. Intensity
profiles were recorded along paths indicated in orange. For BOD-
IPY>%-SLs (-SM, -GlcCer and -D-e-LacCer), images were generally
recorded at 0.3-2% laser power. BODIPY>®°-SLs and NBD-SM were
respectively viewed at ~30-fold and ~5-fold higher laser power to
compensate for lower signal, which was due to the combination of
less efficient PM insertion, lower quantum yield and/or faster
photobleaching. For double labelling, data were sequentially acquired
in the green then in the red channel. For excimer studies, cells were
excited at 488 nm and images were simultaneously acquired in both
green and red channels. For Vybrant Dil, images were acquired in the
red channel at ~5% laser power. For TMA-DPH imaging, two-photon
microscopy was performed with a Zeiss LSM510 microscope using
excitation at 690-725 nm with ~2% laser power and emission with a
390-465 nm band-pass.

2.8. Fluorescence recovery after photobleaching (FRAP)

FRAP analyses were carried out at 30 °C by setting to this tem-
perature the observation chamber in the MRC 1024/Axiovert M135
confocal microscope or the XL/LSM incubator of the LSM510 META
confocal microscope. Cells were examined using Plan-Apochromat
63x/1.4 oil immersion objectives. After selection of flat cells under
low illumination, 5- or 20-pm?-square regions of interest (ROI) were
defined (~0.5-2% of the cell surface). After recording of initial
intensity (fluorescence before bleaching, I;), the ROI was briefly
photobleached to a minimal residual fluorescence intensity (Ipeach;
~10-20% of I;). Fluorescence recovery with time (I;) was recorded for
450 s after return to low laser illumination. ROI that had moved
during this interval were excluded (<10%). Values were calculated as
(It — Inteacnh) / (Ii — Ipjeach) and fitted to a single exponential to
extrapolate the mobile fraction at infinite time of recovery (in %).
Control experiments for BODIPY®°>-SM using the Zeiss LSM510
confocal microscope showed undistinguishable recovery, irrespective
of photobleaching squares or disks of identical area.

2.9. Statistical analyses

Statistical significance of comparisons was tested using Student's
t test, using GraphPad Instat programs (GraphPad Software Inc., San
Diego).

3. Results

3.1. Experimental strategy: selection of membrane lipid probes and cell
models

In this study, sphingomyelin (SM) was selected as a major constituent
of the outer PM leaflet, with known preference for L,-domains. We first
probed its PM organization in living cells, using insertion of three
fluorescent analogs, generated by grafting well-established fluorophores
at the fatty acid alkyl tail: BODIPY>?® (i.e. “green”) and BODIPY>®° (i.e.
“red”) derivatives (BODIPY: boron dipy*_r_*romethenedifluoride) and
the more photolabile NBD (7-nitrobenz-2-oxa-1,3-diazol-4-yl) [46,47].
Structures are shown in Supplementary Fig. 1. Fluorescent SM analogs
were mixed with equimolar DF-BSA as carrier and cleaned of aggregates
by centrifugation. Similar results were obtained using a more elaborate
procedure involving extensive dialysis and ultracentrifugation (data not
shown). As first-choice, we used BODIPY>®> (Nexc 505 nm, green
emission) for its high quantum yield, efficient PM insertion and
extraction by “back-exchange” with empty BSA, and based on its
validation as a qualitative tracer of lipid raft organization [8] and mem-
brane endocytosis [34,48] (see also Discussion). Unless stated otherwise,
BODIPY-SM will refer to BODIPY>°>-SM. BODIPY>%>-SM compartmenta-
tion in the PM could be studied at trace levels in comparison with
endogenous SM (Supplementary Table 1). Linearly increasing the
concentration of BODIPY>*>-SM in the medium resulted in proportional
increase of its PM content and did not affect its FRAP parameters (data
not shown). For double-labelling studies, we synthesized BODIPY>%°-SM
(Nexc 589 nm, red emission), because its spectral properties provide
clear-cut resolution from BODIPY>%. We finally compared a glycosylpho-
sphatidylinositol-anchored protein [GL-GPI-GFP; 36] as another, totally
unrelated, reporter of outer leaflet L,-phases, with the GFP fluorophore
standing out the bilayer.

Because the high hemoglobin concentration of erythrocytes
generates a strong light filter, lipid domains have been earlier studied
in erythrocyte ghosts, which raised doubts as to relevance to living
cells. Therefore, we first decided to adapt confocal imaging to the
upper free surface of BODIPY-SM-labelled, living human erythrocytes,
which offer four major advantages. Firstly, these cells are the most
easily accessible ones, show very high homogeneity (since abnormal
erythrocytes are rapidly destroyed in the body) and are particularly
robust. Secondly, their PM is expected to be featureless at the
micrometric level, as we confirmed in our experimental conditions
by scanning electron microscopy of untreated erythrocytes, and it
remained so after BODIPY-SM-labelling (see Fig. 2E-H). Thirdly, their
lipid composition at the outer and inner leaflets is well-documented
[30,49]. Fourthly, erythrocytes do not metabolize PM lipids and are
endocytosis-defective, thus can be studied at various temperatures
without internalization of surface lipid analogs. The latter property is
of particular importance for the purpose of this study, since critical
phase behaviour was demonstrated in GPMVs [50].

We next extended our study to three other membrane lipid probes,
namely (i) BODIPY>%>-glucosylceramide (GlcCer), as an analog of
another SL which exhibits a much higher melting temperature (Tm)
than SM [51,52]; (ii) 1-[4-(trimethylamino)pheny]-6-phenyl-1,3,5-
hexatriene (TMA-DPH), commonly accepted as a bulk membrane
tracer [53,54]; and (iii) the L,-lipidomimetic dye, dialkylindocarbo-
cyanine DilC18, which stands among the most widely used fluorescent
membrane probes to characterize membrane lateral organization in
erythrocytes, blood platelets and nucleated cells [26,27,31,32],
because of its brightness, photostability and availability with a variety
of hydrocarbon chains [55].

To test for the relevance of micrometric domains in nucleated cells,
we further analyzed CHO cells, a paradigmatic cell line which can be
easily transfected and is available with a variety of defective mutants
for future studies [56]. Except otherwise specified, confocal sections
were recorded at the bottom (i.e. “flat”) PM, to minimize cell surface
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projecting features. In addition, numerous experiments were per-
formed to exclude membrane extensions, including double-labelling
experiments of BODIPY-SM with actin microfilaments and with
BODIPY>89-D-e-LacCer, and endocytosis, including ATP- and K*-
depletion. Confirmatory experiments were performed using ]J774
macrophages, HeLa cells (see Supplementary Fig. 3) and several other
cell types (data not shown).

3.2. In living erythrocytes, BODIPY>>-SM and -GlcCer formed
(sub)micrometric patches; these were controlled by temperature
and membrane tension

As shown by Fig. 1A, left, examination of the free surface of freshly
isolated erythrocytes labelled with 1 uM BODIPY>%>-SM:BSA com-
plexes revealed several, round micrometric patches (0.5-1pm in
diameter), whatever the temperature of examination between 10 °C
and 37 °C. These patches were sharply defined and exhibited a much
brighter homogenous fluorescence than the rest of the membrane
viewed “en face” (>8-fold enrichment, see line intensity profile at
upper Fig. 1B). The average number of BODIPY>°>-SM patches varied
significantly with the temperature, from ~4 per erythrocyte free
surface at 10 °C, to a maximum of 12 + 2 at 20 °C, then declining back
to ~5 at 30 °C and 37 °C (mean 4+ SEM; n=4 independent experi-
ments with 5-75 erythrocytes each; Fig. 1C, upper panel, open
circles). Their cumulative fractional area varied in parallel, covering
up to 7 4+ 0% of the erythrocyte hemi-surface at 20 °C but only 4-5% at
the other temperatures (mean4SEM; n=12-39, pooled from 3
independent experiments; Fig. 1C, lower panel, open circles).
BODIPY>%>-SM patches were randomly distributed and did not vanish
upon actin depolymerization by latrunculin B (data not shown). Upon
swelling in mildly hypotonic medium, they coalesced into fewer,
larger, centrally located but still round patches (Fig. 1D,a). Reincuba-
tion in normotonic medium caused rapid fragmentation of large
patches back to the original size (Fig. 1D,b).

Since erythrocytes also contain glycosphingolipids (GSLs) [57],
which generally exhibit a much higher melting temperature than SM
[51,52], we further tested whether the BODIPY>?°-GlcCer analog could
also form micrometric patches on erythrocytes and whether their
number and area would steadily increase with the temperature, up to
the physiological one. As predicted, very few or no micrometric patch
could be detected at or below 20 °C, but these were constantly
observed at 30 °C and largely increased in number and cumulative
fractional area at 37 °C (Fig. 1A,e-h). Line intensity profiles at 37 °C
showed similar enrichment for BODIPY>°>-GlcCer as for BODIPY>%-
SM patches (Fig. 1B, compare lower with upper panel). The distinct
effect of temperature on BODIPY>%>-GlcCer (filled circles) as com-
pared with BODIPY>°>-SM (open circles) is quantified in Fig. 1C.

Taken together, these data revealed that BODIPY*%>-SM and
BODIPY>%>-GlcCer spontaneously cluster at the erythrocyte PM into
round “domains”, presumably to minimize free energy at their
boundary, with a size controlled by membrane tension. The modulation
by temperature of the number and surface of BODIPY-sphingolipid
“domains” further pointed to a role for lipid phase behaviour for their
formation and maintenance.

3.3. In contrast to BODIPY°?>-SM and -GlcCer, DilC18 and TMA-DPH did
not form (sub)micrometric patches in living erythrocytes

In view of the controversy on the very existence of micrometric
domains in living cells using labelling by fluorescent lipid analogs, and
to tentatively establish a link with their structural/spectral properties,
we also evaluated the organization of DilC18, which preferentially
partitions into L,-domains and can be used to characterize membrane
lateral organization in living cells [26,30-32]. Of note, distribution of
this probe was reported to be homogeneous in erythrocytes and to be
inhomogeneous in platelets only at low temperature [26,30,32]. Since

the high lipophilic nature of Dil has been proposed as an obstacle to
uniform cellular labelling, we used Vybrant Dil solution to label the
erythrocyte membrane. At 20 °C or below, this solution aggregated
and yielded low surface labelling intensity. To circumvent this
problem, erythrocytes were labelled at 37 °C, washed, then analyzed
at this temperature or transferred to 20 °C. In good agreement with
the literature [26,30], we did not observe DilC18 micrometric patches
on erythrocytes, neither at 20 °C nor at 37 °C (Fig. 2A,B). In search of
an additional negative control for micrometric membrane patches
produced by BODIPY>?>-SM, we looked at TMA-DPH as a “bulk”
membrane tracer [53,54]. As shown in Fig. 2C,D, TMA-DPH was not
able to induce the formation of micrometric patches, neither at 20 °C
nor at 37 °C. These data revealed that, in contrast to BODIPY>%>-SM
and BODIPY>%-GlcCer, DilC18 and TMA-DPH do not cluster at the
erythrocyte PM into round “domains”.

3.4. BODIPY-SM and -GlcCer (sub)micrometric patches on erythrocytes
did not reflect surface structural features

Because erythrocytes can exhibit under artificial conditions
structural features such as spicules, particularly upon incorporation
of, and deformation by, exogenous amphiphiles [58], we analyzed the
surface of adherent erythrocytes by high-resolution scanning electron
microscopy, first without any labelling (to verify the preservation of
their smooth membrane under our control conditions), then after
incubation with BODIPY>%>-SM resulting into micrometric patches
labelling (to exclude induction of corresponding artificial surface
features). Untreated adherent erythrocytes uniformly showed a
smooth surface, except for the irregular occurrence of very small
(nanometric) bulges, considered as preparation artefacts. Since
variable stretching of erythrocytes on poly-L-lysine-coated glass
could lead to differences in shape and projected size as well as mem-
brane tension, even at the analyzed free surface, scanning electron
microscopy was performed both on cell clusters (with the usual
~7.5 nm average diameter; Fig. 2E) and on individual erythrocytes in
closer contact with poly-L-lysine-coated coverslips (clearly appearing
more stretched and occupying a larger area of the coverslip: ~8.5 pm
in diameter; Fig. 2F). Importantly, size and stretching differences
affected neither the erythrocyte flat and smooth surface, nor the
formation of BODIPY>?>-SM patches (Fig. 2G’,H’). As a critical control,
insertion of BODIPY®?>-SM into the erythrocyte membrane did not
affect morphological characteristics of erythrocytes, whose surface
remained free of spicules and protrusions (Fig. 2E-H). The flat
scanning electron microscopic appearance of BODIPY-SM-labelled
erythrocytes demonstrates that BODIPY-SM patches do not reflect its
enrichment into spicules or any other significant surface feature.

3.5. In CHO cells, three fluorescent SM analogs labelled similar PM
micrometric patches at 37 °C

Since erythrocytes are very special cells, we next turned our
attention to the nucleated CHO cells. To prevent endocytosis, cells
were first surface-labelled with BODIPY>%>-SM:BSA complexes at 4 °C,
washed and further viewed by confocal microscopy shortly after
transfer to 37 °C (Fig. 3). In addition, to avoid projecting structural
features such as ruffles and filopodia, images were preferentially
recorded at the bottom (flat) surface. As in erythrocytes, BODIPY>?>-
SM spontaneously clustered on CHO cells into micrometric patches
(Fig. 3A,B). If cells were kept at 4 °C, surface back-exchange with
empty BSA led to complete disappearance of both patchy and inter-
patchy labelling, confirming exclusive localization at the PM, not in
nearby endocytic structures (data not shown). In CHO cells, BODIPY-
SM micrometric patches showed at least ~3-fold enrichment over the
rest of the PM (Fig. 3B’), were more heterogeneous in size and shape
than in erythrocytes and frequently showed linear alignments,
as could be expected from surface restriction due to cortical actin
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Fig. 1. In living erythrocytes, BODIPY>?>-SM and -GlcCer spontaneously label (sub)micrometric patches. (A) Confocal imaging. Freshly isolated erythrocytes were washed in HBSS
and immobilized on poly-L-lysine-coated coverslips, labelled with BODIPY>>-SM (a-d) or -GlcCer (e-h) at the indicated temperatures, then washed. Coverslips were placed upside-
down (i.e. with the free erythrocyte surface close to the microscope objective) and examined at the same temperature as for labelling. Note well-defined patches for both tracers at
physiological temperature. (B) Fluorescence enrichment. Intensity profiles were recorded at 37 °C along the paths indicated by the continuous orange lines at panel A,d (upper trace)
and h (lower trace). Numbers refer to the indicated patches. Note that BODIPY®°*>-SM and -GlcCer-labelled patches are uniformly >8-fold brighter than the rest of the PM (orange
dotted line). (C) Morphometry: effect of temperature. Upper panel, number of discrete patches labelled by BODIPY>%>-SM (open symbols) or -GlcCer (filled symbols) per hemi-cell
surface at the indicated temperatures; lower panel, cumulative labelled area as % of analyzed surface (means 4- SEM of 3-4 independent experiments, except at 10 °C, 1 experiment,
each with 5-75 cells for numbering and 12-39 cells for surface area). Notice different temperature optima, in relation of Tm values of the corresponding endogenous lipids. (D) Effect
of membrane tension on the fusion and fission of BODIPY>%>-SM patches. Erythrocytes were labelled with BODIPY>°>-SM at 20 °C in normotonic medium as in panel A,b, washed and
examined at the same temperature after transfer into moderately hypotonic medium (a) or further return to normotonic medium (b). Notice that increased tension due to hypotonic
medium induces fusion/coalescence of BODIPY>°>-SM into two large central patches, with secondary fission upon return to normal membrane tension. All scale bars, 2 pm.
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Fig. 2. (Sub)micrometric BODIPY>?>-SM patches of living erythrocytes do not reflect
anatomical surface features. Freshly isolated erythrocytes were immobilized on poly-L-
lysine and examined after labelling with DilC18 (A,B) or BODIPY®*>-SM (G',H’) for
confocal imaging, or with TMA-DPH for two-photon microscopy (C,D); or processed by
scanning electron microscopy without (EF) or after BODIPY>°>-SM labelling as above,
for smooth-membrane control (G,H). (A-D) The lipidomimetic dyes DilC18 and TMA-
DPH do not form (sub)micrometric patches. (A,B) Erythrocytes were labelled with
Vybrant Dil (DilC18) at 37 °C, washed, and transferred to fresh medium at 20 °C (A) or
37 °C (B) and immediately examined at the same temperature by confocal microscopy.
(C,D) Erythrocytes were labelled with TMA-DPH at 20 °C (C) or 37 °C (D) and directly
examined. It is clear that none of the lipidomimetic dyes forms detectable patches on
erythrocyte membranes viewed “en face”, even at the lower spatial resolution of
multiphoton microscopy required for TMA-DPH imaging. (E-H) Scanning electron
microscopy. (Sub)micrometric BODIPY®%>-SM patches do not reflect anatomical
structures of the erythrocyte membrane. Erythrocytes were immobilized on poly-L-
lysine to form small clusters (E,G) or individual cells (F,H), which could spread more
extensively at the expense of increased membrane tension. No anatomical (sub)
micrometric feature can be detected in relaxed (E) or tense erythrocyte membranes
(F). Labelling with BODIPY>%>-SM as in Fig. 1A,c does not detectably alter the smooth
PM (G,H). All scale bars, 2 pm.

(addressed below by Fig. 7), or from differential dynamics due to
preferential sites of endocytosis and exocytosis in nucleated cells [59].
Similar brilliant micrometric patches were observed at the upper CHO
cell surface, clearly distinct from ruffles and filopodia (Supplementary
Fig. 2), and at the bottom surface of J774 macrophages and HeLa cells
(Supplementary Fig. 3) and in all other cell types we looked at,
indicating that BODIPY>%>-SM micrometric patches were not depen-
dent on a particular nucleated cell line.

Upon closer look at inter-patchy labelling, we noticed locally
decreased fluorescence intensities indicating local depletion, comple-
mentary to the local enrichment described above (arrows in Fig. 3B
and B’), and suggesting coexistence of adjacent, biochemically distinct
(i.e. enriched vs depleted) micrometric “domains”. When surface-
labelled CHO cells were allowed to internalize BODIPY-SM at 37 °C for
10 min, comparison of superficial and intracellular confocal sections
also revealed clearly distinct patterns at the cell surface, in the pe-
ripheral and in the central cytoplasm. The cell surface labelling
pattern has already been described in detail. Peripheral cytoplasmic
labelling revealed multiple small, randomly distributed dots and
tubules (Fig. 3C), with a low fluorescence intensity emerging over a
negligible background (Fig. 3C’), indicating rapid transit across early
endosomes. As to the central cytoplasmic labelling, the crowded
brilliant structures clustered around one pole of the nucleus (Fig. 3C,
see close to N) were interpreted as indicating the slowly recycling
compartment, based on our unpublished observations. To further
exclude that micrometric patches were reflecting the extremely fast
recycling peripheral endosomes evidenced by Hao and Maxfield [60],
CHO cells were submitted to K*- or ATP-depletion. Whereas these
procedures effectively arrested endocytosis (see below, Fig. 9B’,C"),
surface membrane patches were still observed (Fig. 9B,C). Taken
together, these observations indicated that spontaneous clustering of
BODIPY>°>-SM occurred at the cell surface.

To exclude that formation of BODIPY>°>-SM micrometric patches
was due to this particular fluorophore, we next compared labelling
with two other derivatives: NBD- and BODIPY>8°-SM (Fig. 4A,B). Both
decorated similar cell surface patches and the latter revealed perfect
co-localization with BODIPY>?>-SM in double labelling, as evident in
the merged images (Fig. 4C-E). The rapid photobleaching of NBD-SM
did not allow to perform a similar double-labelling experiment with
BODIPY>9-SM. Thus, insertion of three SM analogs, each bearing
a structurally different fluorophore (Supplementary Fig. 1), led to
the spontaneous formation of similar, if not identical, micrometric
patches at the PM of CHO cells at 37 °C.

3.6. BODIPY-SM micrometric PM patches did not reflect BODIPY*%>-SM
aggregation

To next rule out preferential cell surface labelling by BODIPY>%-SM
aggregates, we used an alternative, more elaborate procedure that
included extensive dialysis and ultracentrifugation before incorpora-
tion into the PM [45; see Materials and methods]: this approach
yielded undistinguishable results (data not shown). A more sophis-
ticated approach than direct surface labelling, entirely conducted at
37 °C, exploited the biosynthetic conversion of the membrane-
permeant precursor, BODIPY>®>-ceramide (Cer), into the membrane-
impermeant BODIPY>°>-SM, via the “molecular sieve” of the catalytic
site of SM-synthase in the Golgi complex [61]. As shown by thin-layer
fluorescent chromatography (Fig. 5A), BODIPY>%>-Cer was efficiently
converted into BODIPY*®>-SM within 3 h. There was no detectable
formation of BODIPY>®-GlcCer, indicating the selectivity of this SM
biosynthetic pathway in CHO cells, in excellent agreement with the
literature [61]. By live cell confocal imaging, incubation of CHO cells
with BODIPY>®-Cer first produced a rather weak surface labelling
(Fig. 5B,a) which could hardly be extracted using back-exchange with
BSA (Fig. 5B,a’), suggesting transient retention at the PM inner leaflet,
and contrasting with a major further concentration in the Golgi
apparatus (Fig. 5B,c). After 1 h, micrometric patches became detected
at the cell surface (not shown). After 3 h, the labelling pattern had
completely shifted, due to a strong decline of Golgi labelling, con-
comitant with a major redistribution to brilliant cell surface patches
(Fig. 5B,b,d), generating a similar signal as direct insertion of
exogenous BODIPY>®>-SM (compare peak levels of line intensity
profiles in Fig. 5C with those in Fig 3B’). In contrast to the inefficacy
of the initial back-exchange of BODIPY>%>-Cer, the brilliant peripheral
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Fig. 3. In CHO cells, insertion of BODIPY>°>-SM spontaneously labels PM (sub)micrometric patches, as in erythrocytes. At left, CHO cells were surface-labelled at 4 °C with BODIPY>%*-
SM, washed and briefly transferred to fresh medium at 37 °C before examination by confocal microscopy at the bottom cell surface (flat PM; A, enlarged at B), or in a mid-level
section at the position of the nucleus (N; C). All scale bars, 2 um. Right panels show line intensity profiles along the paths indicated at left by continuous orange lines. The orange
broken line at B’ indicates baseline for diffuse membrane labelling above which stand labelled patches 1-6, and below which are depleted patches 1-4’, reaching fluorescence
background (blue broken line). At C’, notice the lower intensity of the 7 indicated peripheral endosomes.

micrometric patches observed after 3 h entirely disappeared upon
back-exchange at 4 °C (Fig. 5B,b’), demonstrating secondary incorpo-
ration into the PM outer leaflet. We concluded that the “one molecule
at a time” conversion of BODIPY>%>-Cer into BODIPY>?>-SM by the
selectivity of the catalytic site of SM-synthase, followed by inclusion
into constitutive secretory vesicles and fusion with the PM, ruled out
the possibility that BODIPY-SM fluorescent patches on CHO cells
reflected insertion of aggregates into the PM outer leaflet.

3.7. Evidence that BODIPY-SM micrometric patches reflected endogenous
SM domains and resulted from clustering into ordered domains

To further address the possibility that, once BODIPY?%>-SM was
inserted at the PM as individual molecules, substitution by the
fluorophore of its alkyl chain would cause secondary aggregation,
three additional controls were carried out. In a first approach, we looked
at the molecular organization of BODIPY>%>-SM patches, for which we
exploited the concentration-dependent spectral properties of BOD-
IPY>%-lipids. As recently reported for BODIPY>%>-D-e-lactosylceramide
(BODIPY>®-D-e-LacCer) at 5 uM, this family of fluorescent probes may
form excimers when in very close proximity due to clustering in ordered
domains, resulting in a partial shift of the primary emission peak at
520 nm (“green”) to a secondary emission peak at 605 nm (“red”),
generating a combined yellow signal [34]. We therefore inserted
BODIPY%>-PC, -D-e-LacCer or -SM at 5 pM into CHO cells and looked
for both green and red fluorescence emission. We readily confirmed the
generation of yellow fluorescence with BODIPY>°>-D-e-LacCer in these
cells (data not shown) and extended this observation to BODIPY>%>-SM
at 37 °C at the bottom (Fig. 6A-C) and lateral PM (Fig. 6A’-C’), but not

to BODIPY®%-PC (data not shown). Thus, BODIPY>?*-SM clustered in
ordered domains.

In a second approach, we further looked for the possibility that
endogenous (unlabelled) SM would also self-associate and form
domains together with its BODIPY analog, by testing whether
endogenous SM depletion would impair BODIPY>%>-SM micrometric
domain formation. To this aim, a reversible, selective ~50% SM de-
pletion was first achieved by acute sphingomyelinase (SMase) treat-
ment (Supplementary Table 2). Alternatively, since SMase produces
several side-effects, such as induction of a special type of macro-
pinocytosis [62] or generation of ceramide, a signalling molecule that
can trigger apoptosis [63], cells were treated with the dihydrocer-
amide synthase inhibitor, fumonisin B1 (FB1), which depleted both SM
and GSLs, but did not lead to ceramide accumulation. Remarkably, both
SMase and FB1 strongly decreased the size of BODIPY>%>-SM
fluorescent domains (Fig. 6E,F), indicating that endogenous SM was
required for micrometric BODIPY>®>-SM PM domain formation and/or
maintenance. These two lines of investigation supported the validity of
BODIPY>%>-SM as a qualitative surrogate tracer of endogenous SM, at
least for the purpose of our experiments.

Incidentally, an alternative approach was used to look for the
spontaneous formation of micrometric lipid domains at the outer PM
leaflet, based on transfection with a GPI-GFP expression vector, which
avoids issues related to intramembrane lipid tail substitution. As shown
by Fig. 6G,G’,H, GPI-GFP micrometric patches were also readily detected.
Thus, a totally different approach revealed similar membrane domains
in CHO cells as chain-labelled fluorescent lipid probes. However, GPI-
GFP micrometric patches did not codistribute with BODIPY-SM, but
associated instead with BODIPY-D-e-LacCer at 37°C (data not shown),
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Fig. 4. Patchy BODIPY>°>-SM PM labelling is not due to this specific fluorophore: in CHO
cells, similar (sub)micrometric patches are labelled by three SM analogs bearing
unrelated fluorophores. Upper panel: CHO cells were surface-labelled with NBD-SM
(A) or BODIPY*®°-SM (B), washed and transferred to fresh medium at 37 °C for
immediate recording in the green and the red channels, respectively. Lower panel: CHO
cells were simultaneously labelled at 4 °C with BODIPY>°>- and BODIPY>%°-SM at 4 °C,
washed, transferred to fresh medium at 37 °C and sequentially examined in the green
(C) and red channels (D). Despite lower intensity and resolution for BODIPY>%9-SM
(red), the merged image at (E) shows perfect co-localization, irrespective of structural
differences of the fluorophores (shown at Supplementary Fig. 1). All scale bars, 2 pm.

further pointing to the coexistence of biochemically distinct micro-
metric domains at the cell surface (for a more direct demonstration, see
below Fig. 8; and D'auria et al., manuscript in preparation).

3.8. BODIPY-SM micrometric domains on CHO cells did not reflect
anatomical surface features nor directly associated with cortical actin
patches

In contrast to the smooth-membraned erythrocytes, CHO cells
bear peripheral actin-based structures, either as membrane exten-
sions such as filopodia, microvilli and ruffles, or intracellular stress
fibers and focal adhesion plaques. Since large patches of dehydroer-
gosterol and of phosphatidylinositol 4,5-bisphosphate (PIP,) at the
inner PM leaflet were reported to merely reflect increased lipid
content in proportion to increased membrane surface in folds and
ruffles rather than lipid enrichment in flat micrometric domains
[38,39], and since BODIPY-SM patches appeared frequently aligned in
CHO cells, it was necessary to test for their relation with the actin
cytocortex. To this aim, two types of experiments were carried out.
First, the topology of BODIPY*®%-SM micrometric patches was
examined in YFP-actin-expressing cells. As expected, YFP-actin deco-
rated cell bottom stress fibers and co-linear submicrometric patches
(Fig. 7A,C,D), presumably focal adhesions (arrows in Fig. 7D), but
these were totally segregated from BODIPY*%9-SM domains (Fig. 7B;
better seen in the merge in Fig. 7C). Second, whereas YFP-linked
cortical microfilaments completely vanished upon latrunculin B
treatment (Fig. 7E), BODIPY-SM patches were totally insensitive to
this treatment (Fig. 7G). In addition to distinct labelling intensities
(Supplementary Fig. 2), these experiments thus ruled out that
BODIPY-SM micrometric patches were simply actin-dependent
surface extensions, and further indicated that they reflected actin-
independent, intrinsic PM domains.
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Fig. 5. BODIPY>%5-SM patches do not reflect insertion aggregates: metabolic generation
of BODIPY>°>-SM upon BODIPY>%>-ceramide processing produces similar micrometric
PM patches as its direct insertion. CHO cells were surface-labelled with BODIPY>%°-
ceramide and incubated at 37 °C for the indicated times. (A) Kinetics of BODIPY>%°-
ceramide processing into BODIPY>?*>-SM. Medium (med.) and cell extracts collected at
the indicated times of incubation at 37 °C were analyzed by TLC. Standards of
BODIPY>-ceramide (Cer), -glucosylceramide (GlcCer) and -SM were resolved in the
right lane. Notice the exclusive conversion of BODIPY®*>-Cer by CHO cells into
BODIPY>®>-SM, with maximal efficiency after 3 h. (B) Subcellular translocation of
BODIPY>%>-tracer. Bottom sections (scale bars, 2 pm) and mid-level confocal sections
(scale bars, 10 pm) were recorded after 10 min (a,c) or 3 h (b,d). Parallel cells were
submitted to surface back-exchange prior to examination (a’,b’). A low but significant
fluorescence is detected at a,a’ (compare with negligible background at [c,d] in the
nuclear optical section (N) and outside cells). The comparable labelling intensity before
and after surface back-exchange (a vs a’) is consistent with rapid flip-flop to the inner
PM leaflet, followed by rapid concentration in the Golgi complex (c). After 3 h, the
probe has translocated back to the PM (b), where it is then fully removable by back-
exchange (b’, compare with [a’]). (C) Intensity profile. The three numbered
micrometric surface patches identified along the orange line at (B,b) exhibit a strong
enrichment over the diffuse PM labelling (baseline).
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Fig. 6. Micrometric BODIPY>%>-SM patches at the PM of CHO cells reflect clustering into ordered domains and depend on endogenous SM. (A-C) BODIPY>%>-SM patches produce
excimers. CHO cells were surface-labelled with a 5-time higher concentration of BODIPY®°>-SM than above (5 pM), washed, transferred to fresh medium at 37 °C and immediately
examined by confocal microscopy at the same temperature, using excitation at A 488 nm. Images of the bottom PM viewed “en face” (A-C) or of the lateral PM of another cell (A’-C")
were simultaneously recorded in the green channel (A,A’; A 520) and red channel (B,B’; A 605), then merged (C,C’): yellow domains in merged images reveal ordered clustering. (D-F)
BODIPY?°>-SM patches depend on endogenous SM. CHO cells were left untreated (D, CTL), rapidly depleted of endogenous SM using 0.5 h-sphingomyelinase exposure (E, SMase) or
depleted in sphingolipids by a 2-days inhibition with fumonisin B1 (F, FB1), then surface-labelled with BODIPY>*>-SM, washed and directly examined by confocal microscopy. Either
treatments led to ~40% SM depletion (see Supplementary Table 2) and caused almost vanishing of BODIPY>%>-SM domains. (G-H) GPI-anchored-GFP also forms (sub)micrometric
patches. CHO cells were transfected with an expression vector for glycosylphosphatidylinositol-anchored GFP (GPI-GFP) and examined after 24 h. Panel (G) shows a bottom section
along the red line indicated at the vertical section above (G’). A higher magnification from another cell is shown at (H). All scale bars, 2 pm, except 5 um at (G,G’).

3.9. BODIPY-SM and -D-e-LacCer micrometric domains largely
dissociated in the CHO membrane

To further rule out membrane topography as a cause of spatial
variations in probe intensity over the cell surface, we performed
double labelling of BODIPY>89-SM with another SL analog, BODIPY>°>-
D-e-LacCer. Because of their much lower incorporation efficiency and
quantum yield, the “red” BODIPY-SM analog was inserted at higher
concentrations and laser parameters in the green channel were
adapted to approach a comparable signal intensity as in the red
channel. Although intensity and resolution remained unequal, a major
dissociation was observed between BODIPY>*°-SM and BODIPY>%°-D-
e-LacCer (Fig. 8C), contrasting with the perfect co-localization
between two GSL derivatives, BODIPY*#9-GlcCer and BODIPY>>-D-e-
LacCer, irrespective of their distinct head groups and different
fluorophores (Fig. 8F).

3.10. Formation and maintenance of BODIPY-SM micrometric domains
required energy and were controlled by cholesterol

Having collected strong evidence that BODIPY>%>-SM domains
spontaneously formed by self-clustering in ordered domains, whether
using direct insertion or intracellular generation from BODIPY>%>-
ceramide, and having ruled out a variety of artefacts, we felt that it

became justified to turn our attention to their biogenesis. We looked at
two possible biological mechanisms whereby the size of these domains
was restricted to the micrometric range in nucleated cells, beside the
physical role of membrane tension already revealed in erythrocytes,
namely (i) the energy-state and (ii) cholesterol dependence. To
examine the role of energy, likely involved in membrane tension, cells
were ATP-depleted by brief incubation with azide and deoxyglucose. As
the most relevant functional assay, the efficiency of energy depletion
was confirmed by a block of membrane lipid endocytosis (Fig. 9,
compare A’ with C"), similar to that observed for K™ -depletion (Fig. 9B).
ATP-depletion greatly decreased the number of discrete micrometric
BODIPY>°>-SM domains, while inducing their coalescence into elongat-
ed structures (Fig. 9C). Coalescence was readily reversible, since ATP
repletion rapidly caused their dispersion, back to the original pattern
(Fig. 9D) and allowed BODIPY>%>-SM endocytosis to resume (Fig. 9E’).
That micrometric domains restored upon ATP repletion indeed resided
at the PM was confirmed by their complete disappearance upon surface
back-exchange (Fig. 9E), a procedure which fully preserved the
intracellular endosomal labelling (Fig. 9E’). These complementary
experiments indicated that energy was required to control the size
and shape of BODIPY?°>-SM micrometric domains at the PM, and
suggested their plasticity.

Cholesterol is an essential membrane component to regulate its
fluidity. Interestingly, Maxfield and coworkers have reported that
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Fig. 7. Formation of BODIPY-SM (sub)micrometric domains does not require actin polymerization. (A-C) Spatial segregation: double imaging by actin-YFP and BODIPY>%°-SM. CHO
cells expressing actin-YFP (green) were surface-labelled for BODIPY>5°-SM (red) as in Fig. 4B and the bottom cell surface was sequentially recorded in the green (A) and red channel
(B), with merge at (C). Although BODIPY-SM domains are frequently aligned next to cortical actin fibers (arrowheads), they are clearly segregated therefrom. Arrows indicate
alternative BODIPY-SM domains without apparent relation with microfilament-enriched domains. (D-G) Functional segregation: BODIPY-SM domains are insensitive to actin
depolymerization. Actin-YFP-expressing (D,E) or not-transfected CHO cells (F,G) were either left untreated (D,F: CTL) or treated with latrunculin B (E,G). Notice at (D) peripheral
fibers (elongated bracket) with co-linear focal adhesions (arrowheads at bottom); both structures disappear upon latrunculin B treatment (E). BODIPY>*>-SM domains are

undistinguishable in control (F) or latrunculin B-treated cells (G). All scale bars, 2 pm.

cholesterol depletion in CHO cells generates very large membrane
domains labelled by NBD-SM [27]. In full agreement with this report, a
~70% loss of cell cholesterol by mBCD (Supplementary Table 2),
which did not affect the level of BODIPY>?>-SM insertion into the PM
(data not shown), induced very large irregular surface domains (up to
5 um?; Fig. 9F). By contrast, overloading cell cholesterol by two-fold
with mpCD:Chol complexes (Supplementary Table 2) did not
appreciably affect the size, nor the abundance of BODIPY>®>-SM
surface micrometric domains (Fig. 9G). Together with reversible
clustering upon ATP-depletion, these data suggested that BODIPY>%>-
SM micrometric domains were dynamic, reversible PM structures,
reaching equilibrium at a size controlled by physiological concentra-
tions of cholesterol, thus likely by membrane fluidity.

3.11. Micrometric BODIPY-SM structural compartmentation was
functionally reflected by restriction of lateral diffusion in large fields

Morphological results reported thus far have revealed that BOD-
IPY>9>-SM spontaneously formed micrometric domains in the outer PM
leaflet of erythrocytes and CHO cells, in a tension-, energy- and
cholesterol-dependent manner. To pursue our analysis on the role of
membrane fluidity, we next tested whether membrane boundaries of

BODIPY>>-SM domains would influence the dynamics of its lateral
diffusion, as measured by fluorescence recovery after photobleaching
(FRAP). FRAP, a validated method to study the lateral mobility of defined
PM constituents [35,64], is generally applied to a single constituent on a
single spot area. To test for a size-restriction of BODIPY>%>-SM domains,
we were inspired by the pioneering work of Yechiel and Edidin [35], and
systematically compared FRAP properties after photobleaching two
different areas, of respectively 5 pm? (referred to as “small fields”) and
20 pm? (“large fields”). These fields were selected to be much larger
than nanometric lipid rafts, to address instead the dynamics of
micrometric lipid domains, which were indeed originally inferred by
FRAP using comparable field sizes [35].

Linear variations of BODIPY>%>-SM concentration in the medium,
which resulted in proportional changes of its PM content as stated
above, had no influence on its FRAP parameters. As shown by Fig. 10A,B,
recovery of BODIPY*°>- and NBD-SM in large fields (20 pm?, closed
symbols) levelled off with an extrapolated mobile fraction at infinite
time of recovery of 50 4 1% (mean 4 SEM; n=151), but this restriction
disappeared in small fields (5pm?, open symbols), reaching 82 +2%
recovery (mean + SEM; n =65). The lateral diffusion properties of these
two SM analogs were next compared to those of another SL analog,
BODIPY>°>-D-e-LacCer, which associates with a biochemically distinct
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Fig. 8. Coexistence of distinct BODIPY-SM and BODIPY-D-e-LacCer micrometric domains in CHO cells. CHO cells were K*-depleted to block endocytosis (see below, Fig. 9), then
sequentially labelled with the indicated BODIPY>%>- and BODIPY>®°-lipids at 37 °C for 10 min. Images were sequentially recorded in the green (B,E) and red channels (A,D) with
settings adjusted to best match signal intensities, then merged (C,F). Despite lower intensity and resolution of the red tracers, BODIPY>%>- and BODIPY>%°-glycosphingolipids show
perfect co-localization (F). In contrast, notice extensive dissociation between BODIPY>%>-D-e-LacCer and BODIPY>8°-SM at (C). All scale bars, 2 pm.

type of PM domain (see above, Fig. 8). As shown by Fig. 10C, FRAP
behaviour of BODIPY>%>-D-e-LacCer was undistinguishable in small
fields (5 pm?) and large fields (20 pm?), with an average mobile fraction
of 65 + 3% (mean + SEM; n = 54). Thus, for both fluorescent SM analogs,
about half of the surface pool encountered sustained restriction to
lateral diffusion when bleached in large fields, a restriction largely
relaxed when bleaching small fields; in marked contrast, the mobile
fraction of the LacCer analog was similarly high, be it in small or large
fields. This difference between BODIPY>®>-SM and -D-e-LacCer was
confirmed in J774 macrophages (data not shown). To the opposite, a
severe restriction in both large and small fields was observed for both
the self-aggregating probe, N-Rh-PE [65,66] (Fig. 10D), and for the Alexa
488-labelled pentameric B subunit of cholera toxin (CTXB), which binds
to and clusters GM1 ganglioside (data not shown), in good agreement
with previous reports [67,68].

Two additional controls were performed. Firstly, either direct PM
insertion of BODIPY>°>-SM or its secondary incorporation after
BODIPY>%>-Cer bioconversion resulted in undistinguishable mobile
fractions in both large and small fields (Fig. 11A, compare left and
right), further ruling out a bias by probe aggregation. Secondly, since
FRAP experiments were performed at 30 °C, we considered the
possibility of differential surface fluorescence loss by photobleaching
(FLIP) or by endocytosis. Differential FLIP could be readily excluded,
since the bleached area accounted for <2% of the cell surface and
bleaching was limited to a single round of 2-3 s for BODIPY>?°- and
NBD-lipids. To directly rule out endocytosis, BODIPY>?>-SM lateral
diffusion in large fields was further studied at 37 °C after blocking
endocytosis by K- and ATP-depletion. These procedures, which
effectively blocked BODIPY>°>-SM internalization (see Fig. 9), did not
appreciably alter its mobile fraction (Fig. 11B). We therefore could not
find methodological pitfalls that would account for the existence of
micrometric domains labelled by SM analogs and for the decreased
mobility of their constituents only after bleaching of large fields and
thus concluded these two observations rather reflected genuine
biological properties of the PM.

To finally address a possible role of cortical actin in the restriction of
lateral diffusion revealed by FRAP, cells were treated with latrunculin

B. In keeping with the complete resistance of BODIPY*°>~-SM micro-
metric domains to this G actin-sequestering agent, latrunculin B did
not significantly affect the mobile fraction of this lipid analog after
photobleaching 20-um? fields (Fig. 11C).

3.12. Long-range lateral diffusion of BODIPY-SM was simultaneously
favored by endogenous SM and restricted by endogenous GSLs

To finally confirm the dependence of BODIPY>%>-SM domains on
endogenous SM by kinetic data, cells were briefly treated by SMase as
above before FRAP analysis. The ~50% total SM depletion decreased
the BODIPY>%-SM mobile fraction in large fields by two-fold (Fig. 11D,
hatched bar), which was restored by natural SM repletion from serum
(Fig. 11D, grey bar). To verify that SMase effects on BODIPY**>-SM
diffusion were due to SM depletion, and not to ceramide accumulation,
cells were treated with fumonisin B1 (FB1), which leads to a combined
inhibition of SM and GSLs biosynthesis without causing ceramide
accumulation, then surface-labelled with BODIPY>°>-SM without or
after selective replenishment with two short-chain non-fluorescent
analogs, Cg-SM or Cg-ceramide [42,69]. These readily incorporatable
SLs, albeit with shorter alkyl chains, conserve interfacial regions and
head groups, thus preserve some competence for lipid:lipid interac-
tions [for a review, see 52]. As shown by Fig. 11E, whereas combined
SLs depletion by FB1, without or after replenishment by Cg-Cer, had no
significant effect on BODIPY®%>-SM lateral diffusion (two hatched
bars), replenishment with Cg-SM selectively increased its mobile
fraction in large fields, to a level close to that observed in small fields
(grey bar). These experiments ruled out that SMase effects were due to
ceramide accumulation and indicated instead that long-range mobility
of BODIPY>%>-SM selectively depended on SM.

Surprisingly, these experiments also pointed to an opposite effect of
endogenous SM and GSLs on BODIPY>°>-SM lateral diffusion. Indeed,
combined SM and GSLs depletion had no significant effect, while
reloading with C¢-SM alone appeared sufficient to relax the restriction
to its lateral diffusion in large fields. To further test for such an opposite
effect of SM and GSLs, FB1-treated CHO cells were alternatively
replenished with the non-fluorescent GSL, GM3. As predicted, GM3
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Fig. 9. BODIPY-SM micrometric domains depend on energy and cholesterol, but not on endocytosis. CHO cells were kept untreated (A,A’; CTL); K" -depleted (B,B’; —K™); energy-
depleted (C,C’; — ATP), then repleted (D,E,E’; —+ATP) and some of them were further submitted to a surface back-exchange procedure (E,E’). In parallel, cells were either extracted
with empty methyl-beta-cyclodextrin (F, mBCD; ~70% cholesterol depletion), or incubated with m3CD:Chol (G, ~2-fold free cholesterol overload). Thereafter, cells were surface-
labelled with BODIPY>°>-SM as usual, washed and the bottom PM (A-C, D-G, scale bars, 2 um) or mid-level confocal sections (A’-C’, E’; scale bars, 10 pm) were recorded at ~20 min
after transfer to 37 °C. In control conditions, the BODIPY>?>-SM labelling pattern is clearly distinct between the cell surface (A) and endocytic vesicles (A’). Panels (C’,B’) illustrate the
efficiency of the endocytic block after ATP- or K*-depletion (the very limited “intracellular” labelling at B’ may be continuous with the cell surface, see arrowhead). Notice the
persistence of micrometric BODIPY>*>-SM PM domains despite endocytic block (B,C). Panels (E,E’) demonstrate the reversibility of the endocytic block upon ATP repletion. Finally,
notice that BODIPY%>-SM domains coalesce upon cholesterol depletion (F), but do not shrink upon cholesterol overload (G).

replenishment further decreased BODIPY>%3-SM mobile fraction in large
fields (Fig. 11E, dotted bar). Altogether, these results confirmed that
endogenous GSLs and SM exerted opposite effects on BODIPY>*>-SM
long-range lateral diffusion, which was favored by endogenous SM and
concomitantly restricted by endogenous GSLs. The implications of
these observations for the simultaneous existence of distinct PM
lipid domains and their mechanistic explanation require further
investigations.

4. Discussion
4.1. Overview

We here report that fluorescent SM analogs spontaneously
cluster into micrometric domains with lipid phase behaviour at the
outer PM leaflet of erythrocytes and CHO cells under physiological
conditions. This conclusion is supported by: (i) confocal imaging
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Fig. 10. Selective restriction of SM lateral diffusion in large fields. CHO cells were surface-
labelled with BODIPY®>%>-SM (A), NBD-SM (B), BODIPY>%>-D-e-LacCer (C) or the self-
clustering probe, N-Rh-PE (D), rapidly washed and immediately analyzed by FRAP at
30 °Cwith a Bio-Rad MRC1024/Axiovert M135 or a Zeiss LSM510 confocal microscope in
fields of either 20 um? (filled symbols) or 5 tm? (open symbols). Fluorescence recovery
is expressed as percentage of signal before photobleaching, after correction for residual
fluorescence immediately after bleaching. Values are means+SEM of 3-to-112
experiments and are fitted to monoexponential functions. Notice the restricted diffusion
of the two SM analogs when analyzed in large fields (A,B), contrasting with the same
lateral diffusion in large and small fields for BODIPY-D-e-LacCer (C) and the very low
diffusion of the self-clustering probe N-Rh-PE (D), irrespective of field size.
Discontinuous lines indicate low accuracy of early values with the Bio-Rad equipment.
= p<0.001.

with three different analogs combined with variations of tempera-
ture, membrane tension and cholesterol content; (ii) kinetic
analyses by FRAP in two different field sizes; and (iii) exclusion of

Fig. 11. Restriction to lateral diffusion of BODIPY®°>-SM in large fields does not reflect
self-aggregation (A), endocytosis (B), nor cortical actin (C), but depends on endogenous
SM and GSLs (D,E). (A) Similar mobile fraction of BODIPY-SM after direct insertion or
conversion from its ceramide precursor. CHO cells were surface-labelled by exogenous
BODIPY-SM as usual or by endogenous BODIPY-SM converted from its ceramide
precursor after 3 h as in Fig. 5B,b, then analyzed by FRAP at 30 °C in fields of either
20 pm? (filled bars) or 5 um? (open bars), as in Fig. 10. Mobile fraction values at infinite
time of recovery were derived by monoexponential fitting and are means 4- SEM of 4 to
60 experiments. (B) Large-field restriction of BODIPY-SM does not depend on
endocytosis. Control (CTL), K*-depleted (—K%), or energy-depleted CHO cells
(—ATP) were surface-labelled with BODIPY-SM, rapidly washed and immediately
analyzed in corresponding media by FRAP using 20-um? fields. Mobile fractions are
means + SEM of 5-to-14 experiments. (C) Large-field restriction of BODIPY-SM does
not depend on actin microfilaments. CHO cells were either kept untreated (filled bar) or
treated at 37 °C for 30 min with 25 or 50 nM latrunculin B (striped bars), then surface-
labelled with BODIPY-SM, washed and analyzed by FRAP in the same medium in 20-
um? fields. Values are means 4 SEM of 3-to-6 experiments. (D) Large-field diffusion of
BODIPY-SM requires endogenous SM. CHO cells were kept untreated (filled bar),
rapidly depleted of endogenous SM (SMase, hatched bar), or further allowed to recover
SM from serum (grey bar), then surface-labelled with BODIPY-SM, washed and
analyzed by FRAP in 20-um? fields. Mobile fractions are means+SEM of 3-to-16
experiments. (E) Selective replenishment of SL-depleted cells by short-chain SM or
GM3 have opposite effects on BODIPY-SM diffusion in large fields. CHO cells were kept
untreated (filled bar) or treated for 2 days with fumonisin B1 (FB1; hatched bar).
Treated cells were left depleted or selectively replenished with Cg-Cer, Cs-SM or GM3 at
4 °C as indicated, then surface-labelled with BODIPY-SM, washed and analyzed by FRAP
in 20-um? fields. Mobile fractions are means 4 SEM of 5-to-12 experiments. N.S., not
significant; *, p<0.05.

multiple artefacts including fluorescent lipid aggregates, surface
structural features such as actin-dependent projections or “echino-
cyte” transformation due to insertion of amphiphilic probes, as well
as endocytic structures. We finally propose three, non-mutually
exclusive, mechanistic interpretations. Firstly, fluorescent SM micro-
metric patches reflect clustering in ordered domains, as suggested by
BODIPY excimer formation. Secondly, these fluorescent domains are
defined in (i) shape by liquid-phase coexistence, directly visualized
by double labelling of BODIPY-SM and -LacCer, and (ii) size by
membrane tension and intrinsic fluidity, as suggested by reversible
hypotonicity and cholesterol depletion. Thirdly, fluorescent SM do-
mains presumably reflect preexisting domains spontaneously
enriched in endogenous SM, based on reversible SM depletion by
sphingomyelinase and selective replenishment by Cs-SM after
pharmacological inhibition of upstream biosynthetic pathways. The
latter interpretation admittedly remains speculative, and calls for
considerable further investigations.
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4.2. Why is the existence of micrometric PM domains in living cells
controversial?

SM, a major constituent of the outer PM leaflet, is now well-
accepted to cluster with cholesterol in dynamic nanometric lipid rafts
[4,5,18,19], but these fall below the detection limit of conventional
fluorescence microscopy [for reviews, see 12,21]. In contrast, we
readily observed micrometric PM patches by confocal microscopy
imaging in all living cells tested. Since insertion aggregates, structural
and imaging artefacts could be reasonably excluded, why is the
existence of micrometric PM domains a matter of dispute [for a recent
review, see 21]?

The concept of discrete micrometric PM lipid domains inserted
into a continuous distinct phase at the surface of living nucleated cells
was proposed two decades ago by Yechiel and Edidin as a first
refinement of the original fluid mosaic model, by inference from FRAP
evidence that lateral diffusion of NBD-PC was restricted in large but
not in small fields [35]. Unfortunately, although images of NBD-PC-
labelled cell surface were simultaneously provided, they remain
difficult to interpret since only very large (>10 pm), single spots were
reported. Moreover, the validity of the concept of micrometric do-
mains became questioned after several other groups did not find
evidence for such restriction, although their study was limited to
small or undefined bleached field sizes [64,70]. Several groups further
attempted to visualize micrometric domains by exploiting the major
technical developments of confocal microscopy, but could not reach
conclusions applicable to living and untreated cells, raising instead
major doubt on their very existence. Two types of objections were
raised. First, morphological evidence of large lipid domains was
mainly based on insertion of fluorescent analogs into non-living
systems, such as liposomes or GPMVs [22-24]. Second, formation of
fluorescent membrane lipid domains visible by confocal microscopy
in living cells required major alterations in their lipid contents. For
instance, it was reported that surface digestion of erythrocyte
membranes by phospholipase C/sphingomyelinase led to the forma-
tion of micrometric domains enriched with fluorescent ceramide [26].
Likewise, lowering cholesterol levels induced the formation of visible
micrometric domains on several mammalian cell types [27]. It is,
however, no surprise that these very artificial conditions led instead
to the opposite suggestion, i.e. that the formation of such micrometric
membrane domains in untreated living cells is actually prevented, due
to interactions with membrane proteins and with the cytoskeleton
[24].

However, phase coexistence of micrometric membranes could be
documented in living cells, in rare cases with unquestionable
approaches, but more often under non-physiological temperature,
which left critical readers sceptical on the whole concept. In living
erythrocytes, phase coexistence has been evidenced by: (i) Laurdan
general polarization (GP) values at 25-35 °C, which detected lipid
order and phases [28]; (ii) phase mapping, which distinguished two
types of domains showing either low fluidity, low spacing and high
order; or higher fluidity and larger spacing [29]; and (iii) FTIR (Fourier
transform infrared spectroscopy), which unravelled multiple sharp
membrane phase transitions at 4 °C[30]. On living blood platelets, the
distribution of the L,-lipidomimetic synthetic dye DilC18 was reported
to be inhomogeneous around 24 °C [31,32]. In nucleated cells,
micrometric membrane patches with phase separation have been
clearly reported: (i) in CHO cells with NBD-SM, but not DilC16, at 33—
34 °C[27]; (ii) in macrophages with Laurdan GP values at physiological
temperatures [33]; and (iii) in fibroblasts with BODIPY-L-t-LacCer at
10 °C[34].

Our studies identify four reasons that could explain why micro-
metric lipid membrane domains may so far have been missed or
neglected: (i) membrane composition; (ii) temperature of examina-
tion; as well as (iii) nature and (iv) spectral properties of tracers. The
first parameter is membrane composition, in particular a low-to-

moderate cholesterol content. Thus, in cholesterol-poor human
platelets (~15% molar concentration) or in giant unilamellar vesicles
(GUVs) mimicking their lipidic composition, DilC18 micrometric
domains readily formed at 24 °C, but not after doubling the cholesterol
content [31,32]. These DilC18-enriched domains were irregular in
shape, which is generally considered to reflect the coexistence of Ly/
solid-ordered (S,) phases [32]. Cholesterol is concentrated at the
boundaries of these coexisting phases where it reduces line tension
[for a review, 14]. Since, in contrast to the cholesterol-poor platelet
membrane, the erythrocyte PM contains >40 mol% of cholesterol
[32,71], La/S, phases are not expected to coexist in these cells so that
DilC18 would not form micrometric domains, as observed by other
investigators [26,30] and confirmed in our study. In contrast to the
irregular DiC18 domains observed on blood platelets, we found that
BODIPY-SM and -GlcCer domains on erythrocytes were perfectly
round. A regular shape implies that these domains reflect instead
liquid-phase coexistence [20], which could be evidenced in erythro-
cytes despite their high cholesterol content. Indeed, the role of
cholesterol in the liquid-phase separation is to increase the lipid
membrane ordering throughout the L,-phase, to such an extent that
the system finally favors a separation between L,- and Ly-phases [72].
Besides cholesterol, we found that the abundance of sphingolipids (see
Fig. 6E,F and Fig. 11E) is another key player for micrometric domain
formation and motility [see also 21,36].

A second critical parameter for micrometric lipid domain visualiza-
tion is the temperature of examination. Indeed, the number of BODIPY-
SM circular domains we observed at the free hemi-erythrocyte surface
strongly depended on temperature, with a peak at 20°C and a
substantial decrease above, the distinct behaviour of BODIPY>%5-GlcCer
with steady increase up to 37 °C serving here as an informative internal
control. This result on living cells is consistent with previous observa-
tions on GUVs, in which cholesterol and SM form microscopically
observable circular Ly-phase domains only below the Tm of the SM
species used [for a review, 52]. Likewise, at the erythrocyte membrane,
Laurdan GP values peak at 25-30 °C and decrease at higher tempera-
tures [28]. In polarized epithelial cells, the apical membrane also
exhibits a temperature-dependent phase behaviour. This unique
“macroscopic” membrane domain is equivalent to a continuous raft
phase below 25 °C, whereas at 37 °Crafts individualize within a non-raft
phase [36].

A third limiting factor for the visualization of micrometric lipid
domains is probably related to the structural properties of the tracers
used as fluorescent analogs, namely the very nature of the polar
headgroups and their alkyl tail lengths. The nature of the polar
headgroup is most likely the major factor here at play. Indeed,
changing the BODIPY>**-sphingolipid headgroup from phosphocho-
line (in BODIPY>%3-SM) to glucose (in BODIPY>%>-GlcCer) respectively
led to maximal domain formation at 20 °C and at 37 °C. These
differences must be related to lipid partitioning, since the bulk mem-
brane tracer, TMA-DPH, produced uniform erythrocyte labelling
whatever the temperature. Moreover, as shown by BODIPY>°>-
ceramide, the very presence of a polar headgroup may be essential
for stable association with the outer leaflet and domain formation
therein. Indeed, whereas we found that BODIPY*°*>-SM remained fully
associated with the outer PM leaflet at 4 °C (since fully extractable by
BSA back-exchange), BODIPY>%>-ceramide spontaneously translocates
into the inner PM leaflet (as shown by resistance to surface back-
exchange), before slow shuttling to the Golgi complex and processing
into BODIPY>%>-SM. Incidentally, whether membrane lipids can
form stable domains organization at the inner leaflet is essentially
unknown. In this respect, the cell surface pool of BODIPY>**-ceramide
that was resistant to surface back-exchange (i.e. bona fide translocated
to the inner leaflet, and remaining for an extended period therein) did
not form any detectable domain. With respect to the alkyl tail length,
our preliminary recent observations indicated that incubation of
erythrocytes with BODIPY>%°-SM conjugates where the fluorophore is
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grafted at C;, of the fatty acid alkyl tail (instead of Cs as generally used
in our study) produced at 20 °C a diffuse labelling detectable upon
higher laser power, without micrometric patches (data not shown), in
agreement with a previous report [26]. These observations could be
explained if the longer the side-chain, the higher the Tm, so that
domains would only form at higher temperature. However, this
interpretation calls for further analyses, combined with a systematic
screen of variations in membrane tension and cholesterol depletion/
overload, in order to feed biophysical modelling.

Fourthly, the unique spectral properties of BODIPY>%° in comparison
to the more commonly used NBD could also explain why micrometric
domains may have been frequently overlooked in the past. As compared
with BODIPY>®, the other fluorophores that we used required much
higher laser power, due to lower insertion efficiency (BODIPY>%?) and/
or lower quantum yield (NBD), thus inevitably causing accelerated
photobleaching, if not being intrinsically more sensitive to photo-
damage (NBD). While we could undoubtfully detect micrometric
fluorescent patches at 37 °C using SM coupled to NBD and BODIPY>°
under optimal observation conditions, we would probably have missed
these observations, should we not have started our investigations with
BODIPY>%>-SM.

4.3. Micrometric fluorescent SM patches are genuine PM features, not
aggregation or light-induced artefacts, nor peripheral endosomes

Several lines of evidence allow us to exclude aggregation and
artificial partitioning artefacts. Firstly, this report was primarily based
on the visualization at physiological temperature of fluorescent
micrometric PM domains on erythrocytes and nucleated cells, after
either (i) direct insertion of three fluorescent SM analogs presented as
complexes with BSA, prepared by a conventional or by a more elab-
orated procedure involving extensive dialysis and ultracentrifugation,
or (ii) intracellular bioconversion of BODIPY-ceramide into BODIPY-
SM followed by vesicular transfer to the PM. When completed, both
procedures led to tracer levels of incorporation as compared with
endogenous SM and allowed full removal using surface back-
exchange with BSA. In view of two-step filtering of the bioconver-
sion/exocytosis approach, respectively by the catalytic site of SM-
synthase and by the quality control machinery for Golgi vesicular exit,
we consider that BODIPY-Cer bioconversion experiments provide
compelling evidence against aggregation artefacts. Secondly, the vast
majority of cell surface BODIPY-SM showed rapid lateral diffusion in
small fields, whereas the self-aggregating N-rhodaminylphosphati-
dylethanolamine [66] or CTXB-cross-linked GM1 essentially occurred
as immobile patches, indicating that aggregation of the fluorescent
membrane probes we used could have been readily evidenced.
Moreover, aggregation could hardly explain consistent differences in
FRAP between 20- and 5-um? fields for SM analogs, contrasting with
the similar recovery in both field sizes for the GSL analog, BODIPY>°>-
D-e-LacCer. We conclude that micrometric BODIPY-SM patches do not
reflect aggregation or artificial partitioning artefacts.

It has been reported that continuous illumination of GUVs bearing
a fluorescent dye eventually (after ~15 s) induces artificial partition-
ing artefacts into highly non-random bilayer mixtures [73]. Factors
involved in this artefact include composition, mode of preparation
and dye concentration, but neither the type of dye (whatever BODIPY,
Dil, Texas red etc... were used), nor the temperature (since phase
separation progressed after ~15 s at the same kinetics at 10 °C and
23 °C). However, micrometric domains we observed in erythrocytes
cannot be explained by this artefact since: (i) they were observed at
the very first scan and did not increase with time; (ii) their formation
showed a very distinct response to temperature between BODIPY-SM
and -GlcCer, both used at 1 uM; (iii) no phase separation was obtained
with BODIPY-GlcCer at 10 °C or 20 °C and with DilC18 and TMA-DPH,
whatever the temperature.

A role for endocytosis in micrometric SM domains biogenesis can
also be excluded. Firstly, micrometric BODIPY-SM domains were
readily observed on erythrocytes, which are totally endocytosis-
defective. Secondly, under appropriate conditions, micrometric BOD-
IPY-SM domains visualized on nucleated cells completely disappeared
after surface back-exchange, demonstrating exclusive cell surface
residency (data not shown). In particular, micrometric organization
viewed by confocal microscopy and supported by long-range lateral
diffusion properties by FRAP both resisted endocytosis block by K*-
and ATP-depletion. Thirdly, surface back-exchangeable BODIPY>?>-SM
domains completely differed from endosome-associated tracer by size,
intensity and localization. Fourthly, we had noticed that it took <5 min
to reach maximal FRAP recovery of BODIPY>%>-SM, both in large fields
(mobile fraction of ~50%) and small fields (~80%). We further verified
that, after this brief interval at 37 °C, <12% of the total label initially
incorporated at 4 °C had acquired resistance to subsequent back-
exchange at 4 °C (data not shown). We conclude that micrometric
domains formation did not require endocytosis, which also did not
significantly contribute to large-scale restriction of BODIPY>?>-SM
lateral diffusion, as measured by FRAP.

4.4. Micrometric BODIPY-SM patches do not reflect structural PM
features, thus qualify as PM lipid domains

Due to the limited resolution of confocal fluorescence microscopy,
exclusion of surface topology features (e.g. [clustering of] membrane
projections with uniform labelling intensity per unit surface) was
essential before considering the existence of “domains with focal lipid
enrichment”. We will first discuss the role of actin-based surface
projections, then the artificial induction of membrane spicules due to
unequal partition of amphiphiles between the two membrane leaflets.
Firstly, scanning electron microscopy demonstrated that the erythro-
cyte surface was totally devoid of (sub)micrometric surface features,
both in the relaxed and stretched states, and so remained after
BODIPY-SM insertion. Secondly, membrane insertion of two totally
unrelated lipidomimetic dyes: DilC18, which was reported to diffusely
label the erythrocyte membrane at 4 °C and 20 °C [26,30], and TMA-
DPH, a well-accepted bulk membrane tracer [53,54], showed no
micrometric labelling whatever the temperature tested, strongly
arguing against local clusters of membrane projections. Thirdly,
BODIPY-SM patches on erythrocytes were insensitive to latrunculin
and did not disappear (instead coalesced) upon stretching by
hypotonic swelling. We thus conclude that (sub)micrometric patches
intensely labelled by BODIPY>%>-SM and -GlcCer at the free surface of
living erythrocytes cannot reflect local concentrations of an homo-
genously labelled membrane due to structural features, but represent
domains of lipid enrichment at the outer PM leaflet. Two comple-
mentary approaches supported the same conclusion for CHO cells.
Firstly, double labelling using two different sphingolipid analogs,
BODIPY>%>-SM and a BODIPY>%°-glycosphingolipid, showed almost
complete segregation. If these distinct lipids had been homogenously
distributed along the PM, a parallel enrichment leading to co-
localization should be expected if patches were simply revealing
projecting surface features. Secondly, BODIPY-SM domains could be
segregated from cortical actin, both spatially and functionally. Thus,
also in cells with irregular cell surface, (sub)micrometric patches did
not relate to membrane projections supported by cortical actin
microfilaments. These features of SM micrometric domains thus differ
from the properties of PIP, patches at the inner PM leaflet, which
reflect its local enrichment by topological structuring of the cell
surface. Indeed, PIP, patches: (i) co-localize with membrane ruffles
and microvilli where they associate with F-actin; (ii) are enriched to a
lesser extent (~2-3-fold over the rest of the PM) as compared with
BODIPY-SM (~4-8-fold); and (iii) disappear upon hypotonic cell
swelling [38].
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We also ruled out the possibility that insertion of amphipathic
compounds such as fluorescent SLs (which prefer the outer leaflet as
reflected by their sensitivity to surface back-exchange with BSA)
would expand the outer leaflet relative to the inner one, triggering the
protrusions of “echinocytic” spicules [58]. For instance, we found no
echinocyte deformation by scanning electron microscopy when
erythrocytes were immobilized on poly-L-lysine and labelled with
BODIPY-SM. At the opposite, when erythrocytes were directly put on
naked glass, most cells showed strong echinocyte deformation:
remarkably, no BODIPY-SM domain could be observed in these grossly
deformed cells, but were obvious in the few preserved erythrocytes
(data not shown).

4.5. Limitations of BODIPY-SM as a surrogate tracer of endogenous SM,
but indirect evidence for micrometric SM domains as a L,-phase

To what extent do BODIPY-SM PM domains reflect a similar
organization for endogenous SM is still open to discussion. Although
BODIPY>%>-SM has been widely used to follow membrane trafficking,
there is no question that, due to the fluorophore substitution to be
inserted deep within the outer membrane leaflet, chain-labelled
fluorescent sphingolipid “analogs” are not equivalent to natural SM.
Indeed, they show quantitative differences such as higher PM
insertion efficacy and lesser partitioning into DRMs. It thus remains
necessary to evaluate their validity as bona fide qualitative tracers of
endogenous SM for each type of experiment. Nevertheless, fluores-
cent SM analogs have already been reported by another group to
exhibit striking qualitative similarities with endogenous sphingoli-
pids, such as SM- and cholesterol dependence for confinement to
distinct cell surface domains [8], as for the micrometric domains
visualized by confocal microscopy in this report. In addition, partition
of membrane lipid fluorescent analogs into L,-phase cannot be
explained by the grafted fluorophore alone, but clearly depended on
host membrane composition. Indeed, while most membrane lipid
tracers, including C;,-BODIPY-SM and DilC18, strongly partition in the
Lq-phase in elementary membrane model systems such as GUVs [55],
Ce-NBD-SM (but not C;,-NBD-PC) preferentially partitions into the L,-
like phase in GPMVs [74]. Moreover, the same differences between
GUVs and GPMVs have been reported for the partitioning of GPI-
anchored protein, Thy-1, labelled by a MAb at significant distance
outside the membrane bilayer [74]. A higher compactness of L,-
phases in synthetic lipid mixtures such as in GUVs than in GPMVs
could explain these partition differences [74]. Since GPMVs more
accurately reflect the properties of the composite natural PM, it seems
reasonable to suggest that NBD-SM and BODIPY-SM probes used in
this study also preferentially partition in the L,-phase in living cells.

We have further provided several lines of evidence that BODIPY-
SM is an acceptable qualitative surrogate of natural SM for the purpose
of our study. Firstly, switching the very different BODIPY>*®> and NBD
fluorophores of SM derivatives did not appreciably influence the
formation of membrane domains visible by confocal microscopy nor
the lateral mobility by FRAP. Moreover, BODIPY>°>- and BODIPY>8°-
derivatives of SM showed perfect co-localization. Secondly, BOD-
IPY>%>-SM spontaneously clustered into ordered PM domains when
added at high concentrations, as reflected by the “excimer” spectral
shift, thereby mimicking the well-known self-clustering of natural SLs.
Thirdly, our analysis revealed distinct temperature-dependence of
domain formation and/or maintenance for BODIPY?°>-SM and -GlcCer,
with the same ranking as corresponding endogenous SLs Tm values
[51,52]. This observation is consistent with the hypothesis that SL
analogs also associate with L,-lipid domains, like natural SLs. Fourthly
and most interestingly, endogenous SM depletion by sphingomyeli-
nase or fumonisin B1 strongly impaired formation and/or mainte-
nance of BODIPY>%>-SM domains, as observed by confocal microscopy.
In addition, sphingomyelinase affected its lateral diffusion properties
as measured by FRAP, whereas in FB1-treated cells, only Ce-SM

repletion could reach the mobile fraction of untreated cells in small
fields. As a related functional evidence, treatment with another short-
chain SL, Cg-lactosylceramide, was reported to specifically trigger
caveolar-dependent endocytosis as compared with other endocytic
mechanisms [69]. Taken together, these various lines of evidence
support the contention that BODIPY-SM is a reasonable qualitative
surrogate tracer of endogenous SM and the proposal that BODIPY-SM
patches may reflect constitutive preexisting micrometric SM domains
at the outer PM leaflet.

4.6. How is the shape of BODIPY-SM micrometric PM domains defined by
liquid-phase coexistence?

Upon lowering temperature of GUVs made of PC, SM and cholesterol,
a separation into coexisting liquid-phases can be observed at 37 °C and
increases below 25 °C[75]. A phase separation at the lower temperature
is exactly what we observed at the erythrocyte membrane for BODIPY-
SM domains, whose number and occupied surface increased as
temperature decreased from 37 °C to 20 °C. Moreover, this observation
is in reasonable agreement with the reported major phase transition at
~34°C for the SL-rich outer leaflet of the erythrocyte membrane [30].
The strong increase of BODIPY-GlcCer domain number and total surface
we observed when temperature was raised from 20 °C to 37 °C could be
explained by higher Tm for natural cerebrosides, ~55 °C [51], than for
most natural SMs, close to 37 °C [52]. Whether Tm values are
comparable for BODIPY>*>-SM and -GSLs remains to be measured.
Together with the effects of membrane tension and cholesterol
modulation on the size of BODIPY>%>-SM patches, the major opposite
role of temperature on BODIPY>°*>-SM and -GlcCer domain formation at
erythrocytes, combined with their clear segregation in CHO cells at
37 °C, strongly suggests distinct phase behaviour, i.e. phase coexistence
under physiological conditions. Combination with the round shape of
BODIPY-SM and -GlcCer domains in erythrocytes leads us to further
speculate that liquid-phase coexistence could provide the physical basis
for endogenous SM organization in living cells.

4.7. How is the size of BODIPY-SM micrometric domains simultaneously
controlled by membrane tension and cholesterol?

Since the formation and/or maintenance of BODIPY-SM micro-
metric domains in living cells could be explained by liquid-phase
coexistence, which is a temperature-dependent process, and since
line tension between two phases of GPMVs approaches zero as tem-
perature is increased to the transition [50], it seems reasonable to
suggest that the size of SM domains is controlled by membrane
tension, which can be increased independently by hypotonicity and
by cholesterol depletion [76]. In good agreement with this proposal,
we observed that both exposure of living erythrocytes to hypotonicity
and treatment of CHO cells with mPBCD led to coalescence of BODIPY-
SM micrometric domains.

4.8. Coexistence of distinct micrometric domains and their functional
relevance

Since micrometric domains have been independently reported for
PC and LacCer fluorescent analogs [34,35], and since lateral diffusion
properties are clearly distinct between D-e-LacCer and SM, we
postulate that several types of micrometric domains coexist at the
cell surface. Assuming a representative behaviour of the surfaces we
analyzed, area estimations indicate that BODIPY-SM domains account
from 7% of the erythrocyte surface at 20 °C to ~20% in CHO cells at
10 °C. Incidentally, the respective ~8-fold and ~4-fold enrichment in
these micrometric domains roughly indicates that about half of total
SM at the outer leaflet would be clustered in these domains, which is a
considerable pool. Probably more important, the relatively small area
occupied by BODIPY-SM micrometric domains leaves ample room for
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additional distinct domain(s), that could be enriched in GSLs, such as
LacCer as documented for BODIPY-D-e-LacCer, or PC. In this paper, we
already noted that SM and GSLs diffusion properties in FRAP were
differentially affected by field size and that BODIPY>®°-SM largely
segregated from BODIPY>?>-D-e-LacCer by confocal imaging. Inciden-
tally, we also observed that micrometric domains of the other L,-
reporter, GPI-GFP, did not co-localize with BODIPY-SM, but did so
with a D-e-LacCer analog (D'Auria et al, in preparation). Moreover,
whereas replenishment of FB1-treated cells by Cg-SM largely relaxed
the restriction to BODIPY-SM lateral mobility in large fields,
replenishment by a GSL, GM3, had opposite effect. These various
lines of evidence predict for distinct SM and GSL domains. A com-
prehensive analysis based on multiple labelling, detailed FRAP
measurements and several controlled perturbations, being finalised
in our laboratory, fully supports the coexistence of biochemically and
functionally distinct micrometric PM lipid domains (D'auria et al,, in
preparation).

Their significance remains, however, essentially unknown. Con-
ceivably, micrometric lipid modular organization would favor fluidity
and large-scale selective lipid transport, as required during rapid cell
movement. In addition, as also implied for the nanometric lipid rafts,
micrometric domains may play a role in signalling, membrane
curvature and cell polarity. At the inner membrane leaflet, highly
dynamic micrometric PIP, domains develop with the phagocytic cup,
where they favor signalling, actin remodelling and membrane
curvature [77]. In budding yeasts, concentration of phosphatidyleth-
anolamine at polarized ends is implicated in single cell polarity [78].
During epithelial sheet polarization, differential enrichment of PIP, at
the apical surface and PIP; at the basolateral surface is also a crucial
event [79,80]. As key questions (and suggested fields for future
investigations), it remains to clarify (i) to what extent do nanometric
rafts undergo regulated coalescence into micrometric domains under
various appropriate conditions, as already suggested for the immu-
nological synapse [15] and for platelet activation [31,32]; (ii) whether
non-raft lipids also form micrometric domains, coexisting with L,-
phases; and (iii) the relevance of these diverse domains to various
aspects of cell physiology.
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