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Abstract
Background/Aims: Transient nanometric cholesterol- and sphingolipid-enriched domains, 
called rafts, are characterized by higher lipid order as compared to surrounding lipids. Here, 
we asked whether the seminal concept of highly ordered rafts could be refined with the 
presence of lipid domains exhibiting different enrichment in cholesterol and sphingomyelin 
and association with erythrocyte curvature areas. We also investigated how differences in 
lipid order between domains and surrounding membrane (bulk) are regulated and whether 
changes in order differences could participate to erythrocyte deformation and vesiculation. 
Methods: We used the fluorescent hydration- and membrane packing-sensitive probe Laurdan 
to determine by imaging mode the Generalized Polarization (GP) values of lipid domains 
vs the surrounding membrane. Results: Laurdan revealed the majority of sphingomyelin-
enriched domains associated to low erythrocyte curvature areas and part of the cholesterol-
enriched domains associated with high curvature. Both lipid domains were less ordered 
than the surrounding lipids in erythrocytes at resting state. Upon erythrocyte deformation 
(elliptocytes and stimulation of calcium exchanges) or membrane vesiculation (storage at 4°C), 
lipid domains became more ordered than the bulk. Upon aging and in membrane fragility 
diseases (spherocytosis), an increase in the difference of lipid order between domains and 
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the surrounding lipids contributed to the initiation of domain vesiculation. Conclusion: The 
critical role of domain-bulk differential lipid order modulation for erythrocyte reshaping is 
discussed in relation with the pressure exerted by the cytoskeleton on the membrane.

Introduction

The differential lipid order between lipid domains and the surrounding bulk membrane 
is thought to be highly relevant for cell physiology [1, 2]. Accordingly, a recent study 
highlighted that lipid order differences arising from domain formation participate in 
selective sorting of membrane proteins [3]. This concept was first suggested in the 90’s by 
the lipid raft hypothesis, which proposed that sterols and sphingolipids (SLs), due to their 
favorable interactions, can self-aggregate into rafts of higher lipid order as compared to the 
surrounding lipids (bulk), thereby mediating protein sorting and cellular functions. During 
the past years, evidences for such lipid membrane lateral heterogeneities have been provided 
in membrane and cell models of increasing complexity. First, sterol-containing biomimetic 
model membranes, including planar supported lipid layers and giant unilamellar vesicles 
(GUVs), expose the coexistence of two liquid phases, one enriched in cholesterol (Chol) and 
SLs of high lipid order (Lo, “raft-like”) and one enriched in unsaturated lipids of low lipid 
order (Ld, non “raft-like”) [4, 5]. Second, giant plasma membrane vesicles (GPMVs) derived 
from living cells [6] reveal that Lo and Ld phases in natural plasma membranes (PM) can 
assume a wide range of lipid order states resulting from lipid order tuning upon active 
cellular processes [7]. Third, cellular PMs exhibit regions of higher lipid order than the bulk 
lipids, either as small domains or larger areas depending on cellular processes [2, 8-10]. As 
an additional level of complexity, several studies on cells reveal the existence of lipid domains 
with a wider diversity of lipid composition, such as only partial sterol and SL co-enrichment 
[11-15]. Hence, segregation mechanisms distinct from favorable sterol-SL interactions are 
proposed, such as charge-mediated sequestration [16], integral membrane proteins [17] or 
membrane:cytoskeleton anchorage [18-24].

Here, we investigated on red blood cells (RBCs) (i) whether lipid domains also exhibit a 
lipid order which is different from the bulk; and (ii) whether and how the differential lipid order 
can be modulated by, and/or participate in, cellular function. The choice of RBCs to explore 
these questions is based on four main features. First, the RBC is the simplest human cell, 
with a PM linked to an underlying cytoskeleton as the only structural components, reducing 
interference of intracellular membranes. Second, the RBC exhibits optically-resolved lipid 
domains, revealed by confocal imaging upon PM trace insertion of BODIPY-lipid analogs or 
upon decoration of endogenous Chol and sphingomyelin (SM) by mCherry-Toxin fragments 
(Theta and Lysenin, respectively) [15, 25-30]. At least two types of lipid domains have been 
shown to coexist at the RBC PM, exhibiting differential lipid enrichment and topography: one 
mainly enriched in Chol (hereafter referred as Chol-enriched domains) and mostly present 
at the highly curved edges of the RBC biconcave membrane vs another co-enriched in SM 
and Chol (hereafter referred as SM/Chol-enriched domains) and restricted to the membrane 
center of lower curvature [24, 31]. Third, Chol- and SM/Chol-enriched domains are differently 
involved in RBC function-associated reshaping such as deformation and vesiculation [31]. In 
vivo, RBC deformation is required when it passes through the microvasculature to deliver 
oxygen to the tissues and is further tested for quality control when it squeezes through the 
narrow pores of spleen sinusoids. At the end of its 120-day lifetime, RBC deformability is 
lost by membrane vesiculation and is followed by RBC splenic entrapment and removal 
from blood circulation [32]. By using abnormally-shaped elliptocytes and by stretching 
healthy RBCs, we revealed that Chol-enriched domains gather in increased curvature areas 
of the RBC membrane edges upon deformation [31]. In contrast, SM/Chol-enriched domain 
abundance increases in the central membrane area in relation with secondary calcium (Ca2+) 
efflux, a process involved in the subsequent shape and volume restoration [31]. Additionally, 
by mimicking RBC membrane vesiculation upon aging by storage at 4°C, we showed that 
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both lipid domains represent specific sites for membrane vesiculation upon aging [31]. 
Fourth, we recently showed by high spatial resolution atomic force microscopy that the RBC 
membrane is composed of lipid domains exhibiting differential local mechanical properties, 
which could depend on their differential association to the cytoskeleton and on their specific 
lipid composition [33]. However, atomic force microscopy does not allow to determine 
the lipid composition of the domains nor to evaluate how their mechanical properties are 
modulated upon RBC deformation.

We therefore used an alternative approach to investigate whether the varied lipid 
domains evidenced at the living RBC surface could exhibit a different lipid order than 
the bulk, and whether these differences could be modulated by and/or participate in 
RBC reshaping. To this end, RBCs were labelled with Laurdan, a membrane fluorescent 
dye sensitive to lipid hydration and order [34-36], and were examined at their resting 
state and upon in vitro reshaping, i.e. deformation and vesiculation [31]. In resting RBCs, 
Laurdan imaging allowed to detect the majority of SM/Chol-enriched domains associated 
to low erythrocyte curvature areas, part of the Chol-enriched domains associated with high 
curvature and a third domain population not enriched in these lipids. These various lipid 
domain populations exhibited a diversity of lipid order states but were all less ordered than 
the bulk membrane. Upon RBC deformation (elliptocytes and stimulation of Ca2+ exchanges) 
or membrane vesiculation (storage at 4°C), domains became more ordered than the bulk. In 
aging RBCs and in membrane fragility diseases (spherocytosis), an increase in bulk-domain 
lipid order difference was associated to the initiation of domain vesiculation. Altogether, 
differences in lipid domain order in RBC membranes are modulated upon RBC reshaping 
and contributed to vesiculation upon aging, suggesting their biological relevance.

Materials and Methods

Red blood cell isolation and washing
This study was approved by the Medical Ethics Institutional Committee of the Université catholique de 

Louvain and experiments were performed according to relevant guidelines. RBCs were freshly isolated from 
four healthy volunteers, one splenectomized patient with spherocytosis and one patient with hereditary 
elliptocytosis; each donor gave written informed consent. Blood was collected by venopuncture into 
dry K+/EDTA-coated tubes and, prior experiments, diluted at 1:10 in Dulbecco’s Modified Eagle Medium 
(DMEM containing 25 mM glucose, 25 mM HEPES and no phenol red, Invitrogen) and then washed twice by 
centrifugation (133 g for 2 min) and resuspension, as previously described [15, 25, 27-29, 31]. Incubation 
with pharmacological agents, labelling and confocal microscopy (see below) were performed at a dilution 
of 2 * 107 RBCs/ml in DMEM. All experiments were carried out on fresh RBCs, except for aging experiments 
for which RBCs were maintained at 4 °C during 1 to 15 days into the K+/EDTA-coated tubes.

SM and Chol depletion
Modulation of PM SM and Chol contents were performed as previously described [15, 25, 31]. Briefly, 

washed and diluted RBCs were preincubated at room temperature (RT) in suspension under continuous 
agitation with 2 mU/ml Bacillus cereus sphingomyelinase (SMase; Sigma-Aldrich) for 10 min or with 0.25 
mM methyl-ß cyclodextrin (mβCD; Sigma-Aldrich) for 30 min, all in DMEM containing 1 mg/ml bovine 
serum albumin (BSA; Sigma-Aldrich). All RBCs were then pelleted at 133 g for 2 min, resuspended in DMEM 
and analyzed by vital imaging for lipid domains (see below).

Intracellular calcium depletion
Decrease of [Ca2+]i was performed as described in [31]. Briefly, washed and diluted RBCs were 

preincubated at RT in suspension under continuous agitation in Ca2+-free homemade medium containing 
1 mM Ca2+-chelating agent ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N’-tetraacetic acid (EGTA, Sigma-
Aldrich) for 10 min, then analyzed by vital imaging for lipid domains (see below).
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Living RBC labelling with Laurdan and/or Toxins*
A stock solution of Laurdan was prepared in DMSO and conserved as described in [35]. After production, 

Lysenin* and Theta* were maintained at -80°C in in 20 mM NaCl supplemented with 25 mM HEPES (pH 
7.2) and 5 % glycerol. Both types of probes were extemporaneously diluted in DMEM containing 1 mg/ml 
BSA (DMEM/BSA). Washed and diluted RBCs were labeled at RT in suspension under continuous agitation 
with: (i) 2.5 μM Laurdan for 60 min; or (ii) 1.25 μM Lysenin* or 0.55 μM Theta* for 25 min, as previously 
described [15, 25, 31]. Labelled RBCs were then pelleted at 133 g for 2 min and resuspended in DMEM. For 
RBC double-labeling with Laurdan and Toxins*, RBCs were first labeled with 2.5 μM Laurdan for 40 min, 
then pelleted at 133 g for 2 min and resuspended with 2.5 μM Laurdan and either 1.25 μM Lysenin* or 0.55 
μM Theta* for 25 min, then pelleted at 133 g for 2 min and resuspended in DMEM.

RBC immobilization and vital confocal/multiphoton imaging
After labeling in suspension, RBCs were either spread or maintained in suspension as previously 

described [15, 25, 31]. Briefly, for spread RBCs, coverslips were first coated with poly-L-lysine (PLL, 70–
150 kDa; Sigma-Aldrich) by incubation with PLL:DMEM (1:1, v:v) at 37 °C for 40 min, then washed with 
DMEM. PLL-coated coverslips were then incubated with labelled RBCs at 20 °C for exactly 4 min. Suspension 
was then removed and replaced by DMEM and attached RBCs were allowed to spread for another 4 min. 
The coverslip was finally placed upside down on a Lab-Tek chamber filled with DMEM and observed. For 
suspended RBCs, labelled RBCs were dropped to settle down in μ-Slide VI0.4 uncoated IBIDI chambers 
(IBIDI, Proxylab; 100 μl by channel). All preparations were examined at 20°C (except when otherwise 
stated) with a Zeiss LSM510 confocal/multiphoton microscope using a plan-Apochromat 63X NA 1.4 oil 
immersion objective, and a Nomarski prism to avoid the photoselection effect. Toxin*-labelled RBCs were 
imaged as previously in confocal mode [15, 25, 31], while Laurdan-labelled RBCs were visualized separately 
at 440 nm and 490 nm in multiphoton mode. Laurdan and Toxin*-colabelled RBCs were visualized first in 
the multiphoton mode for the Laurdan, then in the confocal mode for the Toxin*.

Determination of RBC area and circularity and domain topography and abundance
RBC total projected area (referred to as hemi-RBC) and circularity as well as abundance and topography 

of Laurdan- and Chol-enriched domains were determined on high-resolution confocal images (or 
transmission images when no continuous membrane labeling was observed for the bulk). Domain abundance 
and topography were assessed by manual counting. Total RBC projected area and RBC membrane circularity 
were measured from ROI selections of the membrane with the analyzed particles plugging. Membrane ROI 
selections were obtained by thresholding fluorescent images using default methods in Image J followed 
by binarisation, then RBC membrane projected contours were detected using analyzed particles plugging. 
When no detection was possible, domain and bulk projected contours were drawn manually on fluorescent 
images. These selections were then used for all the following analyses.

Determination of lipid order
Domain and membrane ROIs were obtained from the two fluorescent channels (440 and 490 nm) of 

Laurdan images. Domain ROI selections were determined as for the membrane (see above) but detected using 
analyzed particles plugging with distinct size and circularity features than for the membrane. To separate 
the Laurdan signal associated to the domains and the bulk, domains and bulk masks were used. Domain 
masks were obtained from domain ROI while bulk masks were deduced using membrane ROI subtracted 
from domain ROI. From these masks, three types of quantification were performed on the domains and 
the bulk independently. First, the two-dimensional (2D) GP map, where GP for each pixel was calculated 
from a ratio of the two fluorescence channels, was created using MATLAB (The MathWorks, Natick, MA). 
Briefly, each image was binned (2 × 2) and thresholded, then the GP image was calculated for each pixel 
using the GP equation as described in [35] and the Gfact was measured as recommended in [35]. The GP of 
the domains and bulk membrane were calculated by averaging pixels from a large representative area (35 
RBCs). The determination of domains localized or not with the Toxins*, and the following separation of 
the domain masks, was done manually by comparing Laurdan and Theta* images. Second, the two domain 
populations exposing different lipid order (P1 and P2) were studied from GP histogram density plot. The 
mixture distribution of the GP histogram density plot, the GP values of P1 and P2 (the maximum of each 
mixture component), and the mixture weight were calculated from the 2D GP map in MATLAB using the pdf_
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normmixture function. Third, HSB images (the GP image normalized by the intensity image), allowing for 
the visualization of the two domain populations exposing different lipid order (P’1 and P’2), were obtained 
using a plugging developed in [35].

Statistical analysis
Values are presented as means ± SEM. Statistical significance was tested either with two-sample t-test 

or one-way ANOVA followed by Tukey’s post-hoc test (NS, not significant; * p < 0.05; ** p < 0.01 and *** p 
< 0.001). Statistical test mentioned above a bar indicates comparison to the control condition (i.e. fresh, 
untreated, healthy RBCs at 20°C), while the significance test above a connecting line indicates a difference 
inside a group (e.g. control, treated, aged, spherocyte or elliptocyte).

Results

Laurdan labelling of living RBCs reveals submicrometric lipid domains
When RBCs were labelled with Laurdan and spread on poly-L-lysine (PLL)-coated 

coverslips as previously [15, 25-29, 31], well-defined round submicrometric domains 
(Fig. 1A, arrowheads) and their surrounding membrane were revealed. We then explored 

Fig. 1. Labelling of living (i.e. non-fixed) RBCs 
with Laurdan reveals submicrometric domains 
that largely correspond to those evidenced by the 
Toxins*. Healthy or elliptocytotic RBCs (elliptocyte, 
E,c), either fresh (E,a) or maintained at 4°C during 
15 days (15d @ 4°C, E,b), were left untreated or 
treated with EGTA in Ca2+-free medium (EGTA, E,d), 
labelled with Laurdan alone or Laurdan followed by 
Toxins* (Theta*, red → Chol or Lysenin*, grey → SM, 
F), spread onto PLL-coated coverslips (spread) or left 
in suspension (suspended, B) and observed by vital 
multiphoton (Laurdan) or multiphoton/confocal 
(Laurdan+Toxins*) microscopy at 20°C, except at 
(C). (A) Representative imaging on spread RBCs. 
Yellow and green arrowheads point respectively 
to the central area (low curvature, LC) and the 
edges (high curvature, HC) of the RBC membrane. 
a and b represent different stages of spreading. (B) 
Representative imaging on a RBC in suspension. 
Several stack images were taken for one RBC. 
Yellow and green arrowheads are associated with 
a number which refers to the domains observed 
per image. (C) Quantification of domain number 
and area (both expressed as percentage of 20°C) 
in function of temperature. (D) Quantification of 
domain abundance (average by hemi-RBC expressed 
as percentage of untreated) upon Chol (MβCD) or 
SM depletion (SMase). (E) Representative imaging of 
Laurdan domains upon reshaping. (F) Representative 
imaging of Laurdan vs Toxins. Red, blue and purple 
arrowheads point respectively to domains revealed 
by Toxin* only, Laurdan only or both Laurdan and 
Toxins*. Images are representative from 2–4 independent experiments. Results in C and D are means ± 
SEM of 211–488 RBCs from 2–4 independent experiments. Statistical significance was tested with one-way 
ANOVA followed by Tukey’s post-hoc test.
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whether these domains corresponded to the Chol- and SM/Chol-enriched domains 
previously evidenced [15, 25] by careful comparison of the behavior of the domains labelled 
by Laurdan with those revealed by the Toxin* fragments, Theta* and Lysenin*. To confirm 
our observations we then performed double labelling between Laurdan and the Toxin* 
fragments.

We first analyzed Laurdan-labelled domain behavior in conditions for which Theta*- 
and Lysenin*-labelled domains behave similarly, i.e. (i) presence in both spread and 
suspended RBCs [31], (ii) loss upon RBC storage at 4°C [31], (iii) decrease of abundance 
upon temperature increase from 20 to 37°C [15, 25], and (iv) vanishing upon ∼15 % Chol 
depletion (0.25 mM mβCD, 30 min) and strong decrease upon ~20 % SM depletion (2 mU/
ml SMase, 10 min) [15, 25]. Like Toxin*-labelled domains [31], those revealed by Laurdan 
were present in both spread and suspended RBCs (Fig. 1A, B arrowheads). The multiple stack 
acquisition on suspended RBCs exposed similar domain abundance than spread RBCs (Fig. 
1B vs Fig. 1A). In addition, Laurdan-labelled domains were decreased upon storage at 4°C 
(Fig. 1E,b vs a). In contrast to Toxin*-labelled domains, Laurdan-labelled domains exhibited a 
similar abundance between 20 and 37°C (Fig. 1C). In addition, upon ∼15 % Chol depletion by 
mβCD and ~20 % SM depletion by SMase, Laurdan-labelled domains were only decreased by 
~25 % and ~40 % respectively (Fig. 1D). Such differential effect of environmental conditions 
on Laurdan- and Toxin*-labelled domains could not be due to alteration of Toxin* binding as 
verified before by preserved I125-Theta* and -Lysenin* binding to RBCs upon treatments and 
by similar decrease of BODIPY-SM- and Lysenin*-labelled domains upon mβCD treatment. All 
these results therefore suggested that Laurdan- and Toxin*-labelled domains only partially 
corresponded.

To gain better insight into this discrepancy, Laurdan-labelled domain behavior was then 
examined in conditions for which Theta*- and Lysenin*-labelled domains behave differently, 
i.e. (i) different abundance (Theta* >> Lysenin*) [15, 25], (ii) preferential topographic 
association with the center of low curvature (Low curvature (LC), Lysenin*) vs the highly 
curved edges (High curvature (HC), Theta*) of the RBC membrane [31], (iii) specific 
vanishing upon increased RBC spreading state (Lysenin*) [15, 25], (iv) specific recruitment 
in highly curved edges of elliptocytes (Theta*), a model of deformed RBC [31], and (v) 
specific increased abundance with Ca2+ efflux stimulation (Lysenin*) [31].  First, Laurdan-
labelled domains (~3 domains/hemi-RBC) exhibited an intermediate abundance between 
those labelled by Lysenin* and Theta* [15, 25]. Second, they were present both in HC and LC 
regions, although less abundant than Theta*-labeled domains in HC (compare Fig. 1A with 
Fig. 1F,a’). Third, Laurdan-labelled domains were moderately affected by increased spreading 
(Fig. 1A,b vs a), as Theta*-labelled domains but in contrast to those labelled by Lysenin* [15, 
25]. Fourth, they were revealed in increased curvature areas of the elliptocyte edges (Fig. 
1E,c), as Theta*-labelled domains [31]. Fifth, Laurdan-labelled domains were increased in 
abundance along with Ca2+ efflux (Fig. 1E,d), as those revealed by Lysenin* [31]. Altogether, 
these observations indicated that Laurdan-labelled domains at least partially corresponded 
to those we previously revealed by Lysenin* and Theta*, although only a part of the Theta*-
labelled domain population in HC was labelled by Laurdan.

To further check for this observation, RBCs were double-labelled with Laurdan and 
Toxins*. As expected, Theta*-labelled domains were partly revealed by Laurdan in HC (Fig. 
1F,a,a’; purple vs red arrowheads) whereas majority of Theta*- and Lysenin*-labelled domains 
were revealed by Laurdan in LC (Fig. 1F,a,b; purple arrowheads). Moreover, Laurdan revealed 
an additional, less abundant, domain population not decorated by Theta* or Lysenin* in LC 
(blue arrowhead at F,a & b). This additional population labelled by Laurdan could explain 
the discrepancy of response to environmental conditions (temperature increase and Chol 
and SM content decrease) as compared to Toxin*-labelled domains. Altogether these data 
indicated that Laurdan revealed part of the Theta*-labelled domains in HC, the majority of 
Theta* and Lysenin*-labelled domains in LC and an additional population not decorated by 
Theta* or Lysenin* in LC.
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In RBCs at resting state, submicrometric lipid domains exhibit a lower order than the bulk 
membrane
We then examined the lipid order of submicrometric lipid domains on spread RBCs at 

20°C, while keeping in mind the two differences mentioned above between Laurdan and 
Toxin* labeling. The GP values extracted from the Laurdan imaging were significantly lower 
(i.e. lower lipid order) for the domains than the bulk (Fig. 2A, untreated). At first glance, this 
observation was surprising since Laurdan experiments on model membranes show higher 
lipid order for Chol- and SM-enriched phases [4, 5]. We excluded potential artefacts related 
to Laurdan physicochemical properties or preferential partitioning. Indeed, the strong 
photoselection of Laurdan molecules, particularly when located within the more ordered 
phases [37], was strongly reduced by using a Nomarski prism (see Material and methods 
Section). We also precluded a preferential partitioning of Laurdan in labelled domains in 
Ld-phase, as seen for C-Laurdan in GUVs (our unpublished data) or in N-palmitoyl-enriched-
D-erythro-sphingosine-enriched domains [38].

We then asked whether the lower lipid order of domains as compared to the surrounding 
bulk could be dependent on the RBC membrane composition, RBC spreading, temperature, 
or membrane curvature. Chol or SM depletion using mβCD or SMase (in the same range of 
concentrations as above) decreased lipid order of the domains while preserving the bulk 
(Fig. 2A & B), in agreement with the ordering effect of Chol and SM enrichment on living 
cells. The lower GP value for the domains than the bulk was further confirmed in suspended 
RBCs (Fig. 2C) and at temperature ranging from 20 to 40°C with a maximal delta GP bulk-
domains (∆GPbulk-domains) in the 30-37°C range (Fig. 2D), suggesting physiological relevance. 
Regarding topography, both lipid domains and bulk membrane exhibited higher order in HC 

Fig. 2. Lipid domains exhibit 
a lower order than the bulk 
membrane. Healthy RBCs, either 
left untreated or treated with MβCD 
or SMase (A, B), were labelled with 
Laurdan, spread onto PLL-coated 
coverslips or left in suspension 
(suspended, C) and observed by 
vital multiphoton microscopy at 
20°C (except in D). Bulk (black 
columns and bullets, left axis) 
and domain (open columns and 
bullets, left axis) GP values were 
then determined and expressed 
as difference in GP values between 
bulk and domains (∆GPbulk-domains, 
grey bullets and columns, right 
axis, D-F) or not (A-C). (A, B) 
RBCs depleted in Chol (A, MβCD) 
or SM (B, SMase) and spread; (C) 
RBCs either spread (spread) or 
left in suspension (suspended); 
(D) Spread RBCs analyzed in the 
20-40°C temperature range; (E, 
F) RBCs either spread (E) or suspended (F) and compared for the central area (low curvature, LC) and 
the edges (high curvature, HC) of the membrane. Results are means ± SEM of 175–352 RBCs from 2–3 
independent experiments. Statistical significance was tested with one-way ANOVA followed by Tukey’s 
post-hoc test (open and black columns) or two-sample t-tests (grey columns). A statistical test is denoted 
above a bar, giving a comparison to the control condition (i.e. fresh, untreated, healthy RBCs at 20°C), while 
statistical test above a connecting line indicates comparison inside a group.

Leonard et al

Figure 2 
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than the center LC areas of the RBC membrane, in spread as well as suspended RBCs (Fig. 2E 
& F). However, a slight impact of RBC spreading on lipid order was observed, mainly for the 
domains in HC.

Altogether, these data indicated a differential lipid order between the domains and the 
bulk, as revealed in the ∆GPbulk-domains (Fig. 2D-F, grey symbols and columns and right axes), 
with lipid domains exhibiting a lower lipid order than the bulk in both spread and suspended 
RBCs, HC and LC areas and in a large temperature range. Whereas bulk and domain lipid 
order exposed similar trends in their responses to temperature and membrane curvature, 
lipid domain order was more dependent than the bulk on PM Chol and SM contents.

Three types of submicrometric lipid domains with distinct order, composition and 
topography coexist at the RBC plasma membrane
Based on our suggestion for the coexistence of three Laurdan-labelled domain 

populations (those Chol-enriched in HC, those SM/Chol-coenriched in LC and those not 
enriched in these lipids in LC) and since lipid domains in HC showed higher order than those 
in LC, we asked whether the three domain populations could exhibit distinct lipid order. To 

Fig. 3. Three types of lipid domains with distinct lipid order and topography coexist. Fresh healthy RBCs, 
either left untreated or treated with MβCD or SMase (C), were labelled with Laurdan alone (A-C) or Laurdan 
followed by Toxins* (D; Theta*→ Chol or Lysenin*→ SM), spread onto PLL-coated coverslips and observed 
by vital multiphoton (Laurdan alone) or multiphoton/confocal (Laurdan+Toxins*) microscopy at 20°C. 
(A) GP domain distribution in HC (left panel) and LC (right panel) calculated from one Laurdan image (35 
RBCs). Notice one major GP domain population in HC (P1) and two in LC (P1 and P2). (B) Representative 
HSB imaging of one Laurdan-labelled RBC. Yellow and green arrowheads point respectively to the central 
area (low curvature, LC) and the edges (high curvature, HC) of the RBC membrane. Notice one GP domain 
population in HC (P’1) and two in LC (P’1 and P’2). (C) Quantification based on representative data presented 
at A: GP values of P1 (white columns boxed in orange, left axis) and P2 (white columns boxed in purple) and 
of the proportion of P1 as compared to P2 (orange columns and left axis) in untreated RBCs or upon Chol 
or SM depletion. (D) Quantification of GP values for LC domains labelled with Laurdan only (Laurdan) or 
Laurdan and Toxins* (Laurdan+Theta*, Laurdan+Lysenin*). GP distributions (calculated from 35 RBCs) and 
the GP image are representative of 6 independent experiments. Results are means ± SEM of 142–352 RBCs 
from 2–3 independent experiments (C-D). Statistical significance was tested with one-way ANOVA followed 
by Tukey’s post-hoc test or two-sample t-tests (orange columns). Asterisk directly above a bar indicates a 
mean significantly different from its counterpart in the control condition, while the significance level above 
a connecting line indicates a difference between two means observed inside a group.
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this aim, we analyzed the GP distribution of the domains using GP density histograms (Fig. 
3A) and GP images (Fig. 3B), both obtained from Laurdan images. In terms of lipid order, 
while the HC area of the membrane seemed to reveal one domain population (major P1 vs P2 
contribution in Fig. 3A left; P’1, green arrowheads in Fig. 3B), two populations appeared to 
coexist in LC (P1 and P2 contribution in Fig. 3A right; P’1 and P’2, yellow arrowheads in Fig. 
3B). However, the HC population had a very close GP value to the more ordered population in 
LC (compare P1 in Fig. 3A left vs right, and P’1 in Fig. 3B green vs yellow arrowheads). These 
results suggested the presence of at least two distinct populations in terms of lipid order, a 
more ordered population associated to both HC and LC (P1 in GP density distribution and P’1 
in HSB images) and a less ordered population observed in LC (P2 in GP density distribution 
and P’2 in HSB images).

We then asked for the identity between these two domain populations, revealed by 
Laurdan domain GP distribution and imaging, and the three domain populations previously 
unveiled based on Chol and SM enrichment and topography. We first evaluated the impact 
of partial Chol or SM depletion on the domain GP distribution, in the conditions for which 
we previously showed a decrease of the global domain GP value and a higher abrogation of 
the Chol- and SM-enriched domain populations than on the one not enriched in these lipids. 
These treatments did not, or only slightly, changed P1 and P2 mean GP values (Fig. 3C) but 
decreased the contribution of P1 vs P2 to the global domain GP distribution (Fig. 3C, orange 

Fig. 4. Lipid domain order 
increases upon RBC deformation, 
leading to a decrease of the bulk-
domain differential order. Healthy 
or elliptocytotic (A-C) RBCs were 
left untreated or treated with 
EGTA in Ca2+-free medium (EGTA, 
D-F), labelled with Laurdan alone 
or Laurdan followed by Theta* (A, 
inset at right), spread and observed 
by vital microscopy at 20°C. (A, 
D) Representative vital imaging. 
Yellow and green arrowheads 
point respectively to LC and HC 
domains. (B, E) Quantification of 
the GP values of the bulk (black 
columns, left axis) and domains 
(open columns, left axis) and 
difference in bulk and domain GP 
values (∆GPbulk-domains, grey columns, 
right axis) in HC (B) or LC (E). (C) 
GP value distribution (expressed 
as proportion of total values) of HC 
domains in elliptocytes. One major 
GP domain population (P1) can be 
observed. (F) Quantification of the 
GP values of P1 (white columns boxed in orange, left axis), P2 (white columns boxed in purple, left axis) and 
of the proportion of P1 as compared to P2 (orange columns, right axis) for RBCs left untreated (untreated) 
or stimulated for Ca2+ efflux (EGTA). Images are representative from 2–3 independent experiments and 
results are means ± SEM of 340–412 RBCs. Statistical significance was tested with one-way ANOVA followed 
by Tukey’s post-hoc test (black and open columns) or with two-sample t-tests (grey columns). Asterisk 
directly above a bar indicates a mean significantly different from its counterpart in the control condition, 
while the significance level above a connecting line indicates a difference between two means observed 
inside a group.
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filled columns and right axes). This suggested that the more ordered P1 population could 
be mostly influenced by Chol- and SM/Chol-enriched domains while the less ordered P2 
population could represent those not enriched in these lipids. This hypothesis was confirmed 
by analysis of lipid order in RBCs co-labeled with Laurdan and Toxins* which indicated that 
Laurdan-labelled domains colocalized either with Theta* or Lysenin* exposed a close GP 
value, significantly higher than those only labelled by Laurdan (Fig. 3D). Furthermore, it 
should be noticed that the P1 population was considerably more abundant than the P2 one 
as revealed by P1 weight (Fig. 3C, untreated). Accordingly, the Chol- and SM/Chol-enriched 
domains were more abundant than those not enriched in these lipids.

All these observations suggested the coexistence at the PM of living RBCs of at least 
three domain populations in terms of lipid composition, topography and lipid order. The 
population associated with the edges and enriched in Chol mainly showed a GP value close 
to the one of the population restricted to the cell center and enriched in both Chol and SM. 
In contrast, the domain population restricted to the center of the cell but enriched neither in 
Chol nor SM exhibited a lower GP value than the two other domain populations.

Upon RBC deformation and vesiculation, lipid domain order increases to a similar or 
higher level than the bulk, leading to a ∆GPbulk-domains decrease
We previously exposed the implication of Chol- and SM/Chol-enriched domains in RBC 

deformation and vesiculation [31]: (i) Chol-enriched domains are recruited in increased 
curvature areas of the membrane edges upon deformation, (ii) SM/Chol-enriched domains 
are increased in abundance in low curvature areas, allowing for Ca2+ efflux during the 
following shape and volume restoration, and (iii) both lipid domains are specific sites for 
membrane vesiculation upon aging [31]. As shown in Fig. 1E, Laurdan-labelled domains were 
similarly reorganized during these processes. Because the differential lipid order between 

Fig. 5. Lipid domain order increases upon RBC 
vesiculation, leading to a decrease of the bulk-
domain differential order. Healthy RBCs maintained 
at 4°C during 15 days (15d @ 4°C) were labelled with 
Laurdan alone (B, C) or Laurdan followed by Theta* 
(A), spread and observed by vital microscopy at 20°C. 
(A) Representative vital imaging. White arrowhead 
and arrows point to non-vesiculating (Non-VES) 
and vesiculating (VES) Laurdan-labelled Chol-
enriched domains in aged RBCs. (B) Quantification 
of the GP values of the bulk (black columns, left 
axis) and domains (open columns, left axis) and 
difference in bulk and domain GP values (∆GPbulk-

domains, grey columns, right axis) in Non-VES and VES. 
(C) Quantification of the GP values of the bulk (black 
column) and domains or vesicles (open columns) 
in stored RBCs. Images are representative from 2–4 
independent experiments and results are means ± 
SEM of 140–281 RBCs. Statistical significance was 
tested with one-way ANOVA followed by Tukey’s 
post-hoc test (black and open columns) or with two-
sample t-tests (grey columns). Asterisk directly above 
a bar indicates a mean significantly different from 
its counterpart in the control condition, while the 
significance level above a connecting line indicates 
a difference between two means observed inside a 
group.
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lipid domains and the surrounding membrane is thought to be relevant for cell physiology 
through its impact on membrane protein sorting [1, 2], we therefore asked whether lipid 
domain order and differential bulk-domain order (∆GPbulk-domains) are modulated during RBC 
reshaping.

To study lipid domain order in HC upon RBC deformation, we used as previously 
elliptocytes as a model of affected RBC shape [31]. We first verified by RBC double-labeling 
with Laurdan and Theta* that Laurdan-labelled domains in HC of elliptocyte membrane 
corresponded to those enriched in Chol, as previously observed [31] (Fig. 4A, inset at right). 
We then compared healthy RBCs and elliptocytes for their bulk and domain lipid order in 
HC (Fig. 4A, green arrowheads). We observed in elliptocytes an increase of the bulk order 
(Fig. 4B, black columns) along with an even stronger increase of domain lipid order (Fig. 4B, 
open columns) that reached higher GP value than the one of the bulk, leading to a decreased 
∆GPbulk-domains (Fig. 4B, grey columns and right axis). The GP density histogram of elliptocyte HC 
domains revealed only one domain population, as for healthy RBCs (Fig. 4C), suggesting that 
the global domain order change was not due to the formation of a new domain population 
with higher order but instead to the order increase of the preexisting one. Altogether, these 
data indicated that lipid domains in HC can reach a higher order than the bulk.

We then stimulated Ca2+ efflux through RBC incubation with a Ca2+-chelating agent (i.e. 
EGTA) in a Ca2+-free medium [31] to induce SM/Chol-enriched domain abundance increase 
in LC during shape and volume restoration after deformation [24]. This approach, which 
increased Laurdan-labelled domain abundance in LC (Fig. 4D; 2.5 fold increase) as observed 
before with Lysenin* or BODIPY-SM [31], slightly increased the lipid order of LC domains 
while preserving the bulk lipid order, resulting into a decreased ∆GPbulk-domains (Fig. 4E). More 
precisely, we observed an increased proportion of the more ordered P1 population, without 
significant changes in P1 and P2 lipid order (Fig. 4F). This indicates that the increase of LC 
domain order by Ca2+ efflux stimulation could result from an increased abundance of the 
more ordered P1 population, as an additional line of evidence for the coexistence of two 
domain populations in LC and for the correspondence of SM/Chol-enriched domains and P1 
populations.

Finally, we took benefit from the possibility to induce lipid domain local vesiculation 
by RBC storage at 4°C [31] to ask whether lipid domain order is modulated upon their 
vesiculation. Vesiculating Chol-enriched domains, evidenced by double-labelling with 
Laurdan and Theta* (Fig. 5A, white arrows), exposed an increased lipid order, that became 
higher than the bulk and led to a decreased ∆GPbulk-domains (Fig. 5B). Similar GP values were 
obtained for vesicles in aged RBCs labelled with Laurdan only (Fig. 5C). Thus, lipid domains 
exposed an increased lipid order upon local membrane vesiculation.

Altogether, these data indicated that the lipid order of lipid domains, lower than the one 
of the bulk in resting RBCs, was increased upon RBC deformation and vesiculation to higher 
GP values than the bulk, leading to a decreased order difference between the domains and 
the bulk.

Upon RBC storage at 4°C, bulk lipid order increases, leading to a ∆GPbulk-domains increase and 
domain vesiculation
Upon RBC aging, ATP intracellular content decreases, reducing the frequency of ATP-

induced lateral dissociations of the spectrin network, making it more fully connected and 
stiff [39, 57]. These changes lead to larger compressive forces on the cell membrane and 
have been hypothesized to be accommodated by increased membrane curvature and vesicle 
detachment from the membrane [39, 41, 42]. Additionally, theoretical works and experiments 
on model membranes propose that lipid order disparity between Lo and Ld phases, and 
the related unfavorable line tension at domain boundary, drives specific domain budding 
and following fission [43-45]. We therefore asked whether the increased cytoskeleton 
compression applied to the membrane could contribute, along with changes in lipid order 
disparity, to the initiation of lipid domain vesiculation in RBCs upon aging, by respectively 
measuring the GPbulk and the ∆GPbulk-domains in RBCs upon storage at 4°C to mimick RBC aging.
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RBCs upon storage at 4°C were first characterized for their surface area and circularity 
as well as for their lipid domain abundance (Fig. 6A-C). Two stages of aging were defined: 
Aged#1, with moderate surface area loss, slight circularity increase and no significant 
domain loss, and Aged#2, with high membrane loss, high circularity and large domain loss. 
Aged#1 could therefore correspond to aged RBCs before domain vesiculation, while Aged#2 
could represent aged RBCs after major domain vesiculation. Unlike vesiculating domains 
(see Fig. 5), domain lipid order was not modified upon aging before domain vesiculation 
(Fig. 6D, open columns and left axis, Aged#1 and Aged#2). In contrast, bulk lipid order was 
first increased at Aged#1 and thereafter decreased at Aged#2 (Fig. 6D, black columns and 
left axis). This led to an increased ∆GPbulk-domains at Aged#1 stage, i.e. prior major domain 
vesiculation, followed by a decreased ∆GPbulk-domains back to its initial value at Aged#2, i.e. after 
major domain vesiculation (Fig. 6D, grey columns and right axis).

Altogether, these data indicated that GPbulk was increased upon aging, leading to an 
increased ∆GPbulk-domains (Aged#1), together with the initiation of domain vesiculation 
(Aged#2).

Fig. 6. Bulk membrane order increases upon RBC storage at 4°C, leading to an increase of the bulk-domain 
differential order and to domain vesiculation. Healthy RBCs, fresh or maintained during 15 days at 4°C (15d 
@ 4°C), were labelled with Laurdan or Theta* (Chol), spread and observed by vital multiphoton or confocal 
microscopy at 20°C. #1 and #2 label respectively the first and second stage of aging in terms of RBC surface 
area and circularity (B) and domain number (C). (A) Representative vital imaging. Images of Theta* labeling 
were superposed to RBCs in transmission to highlight cell periphery. (B) Quantification of RBC area (μm2 by 
hemi-RBC) and circularity. (C) Quantification of Laurdan- and Theta*-labeled domain abundance (average 
by hemi-RBC expressed as percentage of fresh RBCs). (D) Quantification of bulk (black columns, left axis) 
and domain GP values (open columns, left axis) and difference in GP values between bulk and domains 
(∆GPbulk-domains, grey columns, right axis) for fresh RBCs and RBCs at their two stages of aging during the 15 
days at 4°C. Images are representative from 2 independent experiments and results are means ± SEM of 
37–231 RBCs. Statistical significance was tested with one-way ANOVA followed by Tukey’s post-hoc test 
(black and open columns) or with two-sample t-tests (grey columns). Asterisk directly above a bar indicates 
a mean significantly different from fresh RBCs, while the significance level above a connecting line indicates 
a difference between two means observed inside a group.
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Both ∆GPbulk-domains and domain vesiculation are increased in spherocytosis but are decreased 
in elliptocytosis
We then further investigated the potential link between the increased cytoskeleton 

compression applied to the membrane (reflected by the GPbulk increase), the increased 
lipid order disparity (reflected by the ∆GPbulk-domains increase) and the initiation of domain 
vesiculation, using RBCs from a patient with spherocytosis, the most common hereditary 
RBC membrane disorder caused by defects in proteins that vertically connect the membrane 
to the cytoskeleton, i.e. the ankyrin complexes [46]. Such a protein defect impairs 
membrane:cytoskeleton cohesion and increases the pressure exerted by the cytoskeleton 
on the membrane [40], leading to membrane destabilization [39], the release of vesicles 
and the decrease of the RBC surface area-to-volume ratio and deformability [47], as in RBC 
aging. In terms of lipid order, the increased membrane pressure should give rise to more 
compressed and ordered lipids, as observed for RBC aging. As expected, fresh spherocytes 
exposed a higher increase of lipid order in the bulk (Fig. 7B, black columns and left axis) than 
in the lipid domains (Fig. 7B, open columns and left axis), leading to an increased ∆GPbulk-

domains (Fig. 7B, grey columns and right axis). These changes were similar to those observed in 
healthy Aged#1 RBCs (Fig. 7E; compare fresh and spherocytes with healthy 15d, Aged#1). 
Upon storage at 4°C for 7 days, spherocytes showed a decrease of both Laurdan-labelled 
(Fig. 7D) and Chol-enriched domains (Fig. 7A and quantification in Fig. 7C). Such decrease 
could result from the budding and shedding of Chol-enriched vesicles from the membrane 
during this time interval, reducing thereby the pressure exerted by the cytoskeleton on the 

Fig. 7. Spherocytes and elliptocytes 
respectively exhibit higher and lower 
bulk-domain differential order than 
healthy RBCs, resulting into accelerated 
and reduced domain vesiculation upon 
aging. Healthy RBCs, spherocytes or 
elliptocytes, either fresh or maintained 
for the indicated times at 4°C, were 
labelled with Laurdan (B, D-F) or Theta* 
(A, C, Chol), spread and observed by vital 
multiphoton or confocal microscopy 
at 20°C. #1 and #2 label respectively 
the first and second stage of aging, as 
defined at Fig. 6. (A) Representative vital 
imaging of Chol-enriched domains upon 
aging. (B) Quantification of bulk (black 
columns, left axis) and domain GP values 
(open columns, left axis) and difference 
in GP values between bulk and domains 
(∆GPbulk-domains, grey columns, right axis) 
for fresh healthy RBCs, spherocytes and 
elliptocytes. (C, D) Quantification of 
Theta*- (C) and Laurdan-labeled domain 
number (D; both as average by hemi-
RBC expressed as percentage of fresh 
RBCs). (E, F) Quantification of GP values of the bulk (E; black columns) and domains (E; open columns) and 
∆GPbulk-domains (F) for healthy RBCs, spherocytes and elliptocytes maintained for the indicated times at 4°C 
(numbers in columns). Images are representative of 2 independent experiments and results are means ± 
SEM of 37–231 RBCs. Statistical significance was tested with one-way ANOVA followed by Tukey’s post-hoc 
test. Asterisk directly above a bar indicates a mean significantly different from its counterpart in the control 
condition while the significance level above a connecting line indicates a difference between two means 
observed inside a group. Leonard et al

Figure 7 
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membrane, as reflected in the decrease of the GPbulk (Fig. 7E) and the ∆GPbulk-domains back to 
their initial values (Fig. 7F). All these changes were similar to those found in healthy Aged#2 
RBCs after 15 days of storage (Fig. 7E).

Based on the relation between the increased cytoskeleton compression applied to the 
membrane, the increased lipid order disparity and the initiation of domain vesiculation 
observed in both healthy RBC aging and spherocytosis, we then examined lipid order upon 
lowering of the cytoskeleton pressure, which is expected to produce a lower rate of vesicle 
shedding. This was achieved by analyzing aging of RBCs from patients with elliptocytosis, a 
disease due to disruptions of horizontal cytoskeleton interactions, resulting in alteration of 
the spectrin tetramer self-association and decreased deformability [48]. As already shown 
at Fig. 4A, fresh elliptocytes exhibited a higher increased lipid order in the domains (Fig. 7B, 
open columns and left axis) than in the bulk (Fig. 7B, black columns and left axis), leading to 
a decreased ∆GPbulk-domains (Fig. 7B, grey columns and right axis). Moreover, as hypothesized, 
elliptocytes exhibited no domain loss in the 0-15 days storage (Fig. 7A; quantification in Fig. 
7C for Chol-enriched domains and in Fig. 7D for Laurdan-labelled domains) and the lower 
∆GPbulk-domains in fresh elliptocytes as compared to Aged#1 healthy RBCs or spherocytes was 
accordingly maintained all along the storage (Fig. 7F).

Altogether, these data indicated that, in comparison to healthy RBCs, fresh spherocytes, 
which exhibited higher pressure applied by the cytoskeleton on the membrane, exposed 
higher ∆GPbulk-domains together with an accelerated initiation of domain vesiculation upon 
aging. The opposite was observed for elliptocytes, which exhibited lower pressure applied 
by the cytoskeleton on the membrane and exposed lower ∆GPbulk-domains and reduced domain 
vesiculation upon aging. This suggests that the cytoskeleton pressure could give the main 
contribution that controls the ∆GPbulk-domains and drives RBC vesiculation.

Discussion

The differential lipid order between lipid rafts and the surrounding bulk membrane 
is thought to be highly relevant for cell physiology. Based on our recent demonstration 
of submicrometric domains enriched in Chol or SM/Chol at the living RBC surface [15, 
25] and their contribution to RBC deformation and vesiculation upon aging [31], we here 
asked whether the seminal concept of high ordering of lipid rafts could also be relevant 
for submicrometric lipid domains. We also explored whether the differential lipid order 
between submicrometric domains and the surrounding membrane can be modulated by, 
and/or participate in, cell functions such as RBC reshaping.

Upon Laurdan labeling of the RBC PM, submicrometric domains were revealed, as 
previously proposed by Sanchez and coll. at the rabbit RBC surface [49]. Thanks to RBC 
double-labelling with Laurdan and Toxin* fragments, three domain populations were 
revealed by Laurdan at the resting RBC PM: (i) a part of Theta*-labelled domains in HC; 
(ii) the vast majority of Theta*- and Lysenin*-labelled domains in LC; and (iii) an additional 
population in LC, not labelled by the Toxins*. By analysis of the GP distribution on GP 
histogram density plots and GP images, two very distinct populations were evidenced in 
terms of lipid order: (i) one more ordered, more abundant and present in both HC and LC, 
and (ii) another less ordered, less abundant and associated to LC. Based on membrane Chol 
and SM content decrease using pharmacological agents and co-labelling of Laurdan with 
the Toxins*, we suggested that the first population corresponded to Chol-enriched domains 
in HC and to SM/Chol coenriched domains in LC, while the second one corresponded to 
domains not enriched in these lipids and labeled by Laurdan alone in LC.

Regarding GP values of lipid domains vs the bulk membrane, the range we showed in 
living resting RBCs was smaller than the one observed in sterol-containing biomimetic GUVs 
[4, 5], but close to that observed on the more natural GPMVs [7]. This was not surprising since 
biological membranes likely maintain rather small order differences, as this configuration 
could allow cells to modulate them with relatively little energy input. More amazing was 
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that the different lipid domain populations in fresh healthy RBCs at resting state exhibited 
lower order than the bulk, whatever the temperature, RBC spreading state and membrane 
curvature. Although in agreement with the major coverage of the membrane by an ordered 
phase in rabbit RBCs [49], apical membranes of polarized epithelial cells [50], CHO cells [49] 
and HeLa cells [1], our observation did not fit with the higher lipid order of rafts as compared 
to the surrounding bulk lipids. Several non-exclusive explanations can be provided to explain 
the lower GP values of Laurdan-labelled domains than the bulk. The first one relates to the 
higher curvature that the domains could adopt [51], whereby a higher positive curvature 
would allow for more water penetration, resulting in a red-shift of the laurdan emission 
spectra and a decrease of its GP [52]. Second, a reduced GP in the domains as compared 
to the bulk could result from a partial loss of membrane asymmetry in those spots. This 
hypothesis is unlikely since fresh RBCs can be not highlighted with Annexin V, a fluorescent 
probe for outer leaflet phosphatidylserine, indicating preservation of lipid asymmetry in 
fresh RBCs at resting state (unpublished data). Third, a differential enrichment in membrane 
proteins between the bulk and the domains could contribute to regulate their distinct lipid 
order. Indeed, transmembrane proteins have been shown to restrict lipid lateral mobility in 
the RBC membrane [53]. This is also suggested by our results since lipid domain and bulk 
lipid order increased during their local vesiculation, yet RBC vesicles are highly enriched 
in proteins [54] and RBC bulk lipid order decreases after vesiculation (Aged#2). Fourth, 
the calcium and ATP intracellular contents and exchanges could also contribute to regulate 
lipid domain order. We indeed observed an increased lipid order of lipid domains upon 
stimulation of calcium efflux through RBC incubation with a calcium-chelating agent in a 
calcium-free medium. Accordingly, using rabbit RBCs incubated in a calcium- and glucose-
free medium, Sanchez and coll. evidenced by combined Laurdan GP imaging and scanning 
FCS domains that exhibit tighter packing than the fluid phase [49].

Although lipid domains all exhibited a lower GP value than the bulk at RBC resting 
state, it should be noticed that only a part of the Theta*-labelled domain population in high 
curvature areas was labelled by Laurdan. We can therefore not exclude the possibility that 
the Chol-enriched domain population that was not revealed by Laurdan exhibits a higher 
order than the bulk. Accordingly, high spatial resolution atomic force microscopy of the RBC 
membrane allowed us to reveal lipid domains correlated with both local minima and maxima 
areas in the Young’s modulus maps [33]. This suggests that the RBC membrane is composed 
of lipid domains exhibiting differential local mechanical properties, which could depend on 
the specific lipid domain composition and on their differential association to membrane and 
cytoskeletal proteins.

Since the differential bulk-domain lipid order was systematically modulated in RBC aging, 
in spherocytosis and in elliptocytosis, the cytoskeleton density and its membrane anchorage 
should play a key role in controlling bulk membrane lipid order and the differential lipid 
order between the domains and the bulk. We propose that bulk membrane, but not (or in a 
lesser extent) lipid domains, exhibits high connectivity to the cytoskeleton, in turn causing 
higher lipid order through the spectrin filaments and/or the membrane:cytoskeleton 
anchorage complexes. Three lines of evidence support this hypothesis. First, upon RBC 
labeling of CD47 to identify ankyrin-based complexes in healthy RBCs, we have previously 
shown that antibody-induced CD47 patches and lipid domains (revealed upon insertion of 
BODIPY-lipids) are not colocalized but are in close proximity [28], suggesting the preferential 
membrane:cytoskeleton interaction outside of the domains. Second, we observed an increase 
of the bulk lipid order in spherocytosis. If the GP value serves as a sensor for the compressive 
pressure applied by the cytoskeleton on the membrane, higher bulk order corresponds to 
higher compression due to the cytoskeleton. This is exactly what we observed in RBCs of 
the patient suffering from spherocytosis included in this study, which exhibit an increased 
spectrin network density (unpublished; confocal and transmission electron microscopy). It 
remains to be determined how interactions with anchorage complexes are also affected in 
these spherocytotic RBCs, but theoretical studies show that the loss of the spectrin:membrane 
anchorage stiffens the cytoskeleton [40, 55]. These spherocytotic RBCs also have a higher 
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content of intracellular calcium, known to increase the connectivity of the RBC cytoskeleton 
[56], and resulting in higher membrane compression [57]. Third, lipid order of the bulk 
membrane was similarly increased in aged RBCs, which exhibit higher calcium content and 
reduced ATP level [58]. Since both features are known to give rise to more fully connected 
spectrin network and higher compression, this represents an additional line of evidence for 
the increased lipid order of the bulk membrane due to higher connectivity to the cytoskeleton.

The increased lipid order of the bulk membrane observed upon RBC aging and 
in spherocytosis could result in membrane vesiculation, allowing for reduction of the 
membrane compression. Indeed, it has been hypothesized several years ago that upon RBC 
aging the larger compressive forces on the cell membrane due to cytoskeleton stiffness and 
density increase could be accommodated by increased membrane curvature and vesicle 
detachment from the membrane [39, 41]. Accordingly, based on a two-component coarse-
grained molecular dynamics RBC membrane model, Li and Lykotrafitis have revealed that 
lateral compression generates large vesicles with heterogeneous composition, similar in size 
to the cytoskeleton corral [59]. The lower vesiculation we observed here in elliptocytosis is 
also in agreement with the role of the cytoskeleton, since a lower compression is expected 
to occur in elliptocytotic RBCs. Besides the cytoskeleton pressure, we suggest that the 
biophysical properties of the lipid domain that will become a vesicle, i.e. differential order 
between bulk and domains, also represent a key feature in driving the budding vesicle. This 
is supported by the following lines of evidence (i) vesicles generated upon RBC storage are 
rich in the lipid raft marker stomatin [60]; (ii) loss of Chol- and SM-enriched domains by 
vesiculation is evident after 15 days of RBC storage [31]; (iii) healthy RBCs showed a ∆GPbulk-

domains increase upon aging (Aged#1), resulting from bulk order increase and preceding 
domain vesiculation (Aged#2); (iv) fresh spherocytes exposed an increased ∆GPbulk-domains, 
along with accelerated domain vesiculation upon aging, as compared to healthy RBCs; (v) 
fresh and aged elliptocytes exposed a lower ∆GPbulk-domains, along with a reduced domain 
vesiculation upon aging, as compared to healthy RBCs; and (vi) both aged healthy RBCs and 
spherocytes did not vesiculate anymore when ∆GPbulk-domains decreased back to its initial value 
in fresh healthy RBCs. We propose that this increase in the bulk-domain differential lipid 
order could increase line tension at domain boundary, thereby acting as triggering event for 
domain vesiculation. Indeed, the line tension at Lo/Ld boundary increases quadratically with 
thickness difference between the phases [45, 61, 62]. Whether Lo/Ld lipid order difference 
could also reflect the line tension is unknown, yet is supported by C-Laurdan experiments 
on GPMVs exposing a strong linear correlation between ∆GPLo/Ld and Tmix [63], the line 
tension being proportional to Tmix [45] (however not in a simple way for complex membrane 
systems [64, 65]). Additionally, theoretical works suggest that the reduction of the domain-
bulk interface length, hence the line tension energy associated at the boundaries between 
coexisting fluid (Lo/Ld) domains, is the driving force for domain budding and fission [66]. If 
so, the compressive force and the line tension can act together to complete the bud growth 
and detachment in a “synergistic” model where the cytoskeleton pressure on the membrane 
plays a major role and is coupled to the lipid order properties of the nascent budding vesicle: 
cytoskeleton compression causes the initial bud to form from a lipid domain exhibiting a 
differential local curvature, lipid composition and lipid order compared to the surrounding 
membrane. This model is in agreement with theoretical studies that proposed the forces 
applied to the membrane by the cytoskeleton combined with lipid composition segregation 
can drive vesiculation [39]. Besides vesiculation, RBC endovesiculation seems also be 
governed by the dynamic coupling between membrane and the cytoskeleton [67, 68].

Upon RBC reshaping, lipid order associated to the Chol-enriched domains increased 
to higher level than the bulk, as revealed in elliptocytotic RBCs. Since lipids are unlikely 
to contribute alone to membrane curvature [69], changes in lipid order could reflect lipid 
interaction with membrane bending proteins [70] or cytoskeleton proteins [71]. In favor 
of the latter hypothesis, the weaker cytoskeleton network due to impairment of horizontal 
links in elliptocytosis exerts a weaker compression on the membrane. The domains may 
therefore be less curved and present higher order as compared to healthy RBCs. We still need 
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to explore whether changes of lipid domain order can influence and/or can be influenced by 
protein sorting.

Overall, this study demonstrates that the lipid order of submicrometric domains differs 
from the one of the bulk and can be modulated by, and is involved in, physiological processes 
such as RBC reshaping. Furthermore, we propose that the differential lipid order between 
the domains and the bulk can be tuned by cells, through cytoskeleton compression applied 
to the membrane to use the line tension energy at domain boundary as a control mechanism 
of lipid domain participation in vesiculation. Besides lipid order, it would be appealing 
to evaluate other biophysical properties that are known to participate to the line tension 
energy (e.g. domain bending rigidity, intrinsic curvature or thickness) and alternative control 
mechanisms than membrane:cytoskeleton anchorage (e.g. membrane bending proteins and 
charge-mediated sequestration). Altogether, this study brings new concepts regarding the 
complexity and tunability of membrane lipid heterogeneities and their participation to 
cellular functions.
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