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Plan
Introduction

Un exemple :les globules rouges
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Membranes biologiques : vers un modèle physique

membrane est illusoire, et surtout inutile
pour répondre à ces questions aux échelles
de temps et d’espace d’intérêt. Il s’agit plu-
tôt de proposer une modélisation réaliste
capable d’appréhender les caractéristiques
pertinentes de la membrane. 

L’évolution du concept 
de membrane biologique 

Les premiers modèles de la membrane
cellulaire remontent à la fin du XIXe siècle.
Ils sont fondés sur les similarités qui existent
entre les propriétés des membranes cellulai-
res et les lipides tels que ceux présents dans
l’huile d’olive. En 1925, les biologistes
Gorter et Grendel solubilisent les lipides de
globules rouges et les déposent à la surface de l’eau dans
une cuve de Langmuir. En mesurant les aires de la
membrane du globule rouge et de la mono-couche
déposée, ils déduisent que la membrane est formée
d’une double couche de lipides. Les protéines entrent
dans la description quelques années plus tard mais leur
localisation et leur distribution restent à élucider. Cette
question demeure encore d’actualité. Entre 1940 et
1950 apparaissent deux techniques qui permettent des
progrès rapides dans la connaissance de la structure cel-
lulaire et de la membrane plasmique : l’ultracentrifuga-
tion différentielle et la microscopie électronique. Les
observations de microscopie électronique renforcent
l’hypothèse de bicouche, révèlent l’asymétrie de la
membrane et suggèrent la présence de structures globu-
laires, composées de protéines. Après diverses spécula-
tions, le modèle de mosaïque fluide est proposé par
Singer et Nicolson en 1972. La membrane y est décrite
comme une bicouche fluide dans laquelle sont insérées
des protéines pouvant y diffuser librement. Ce modèle
prévaut encore actuellement. 

Que révèle la diffusion des protéines 
et des lipides ? 

A peine quelques années plus tard, les techniques de
FRAP et FCS (pour « Retour de fluorescence après
photo-blanchiment » et « Spectroscopie de corrélation
de fluorescence », voir encadré 1) étaient développées
par W.W. Webb, grand pionnier (encore en activité)
dans le développement d’outils expérimentaux de la
physique pour l’imagerie et la spectroscopie de cellules
biologiques. Les premiers résultats ont soulevé d’emblée
deux questions fondamentales encore non résolues : 
– quelle est la cause du ralentissement des protéines dans
les membranes plasmiques cellulaires ? La constante de
diffusion d’une protéine y est effectivement de l’ordre
de 0,1 !m2/s, soit un à deux ordres de grandeur plus

faible que dans une membrane modèle constituée d’une
bicouche lipidique pure dans laquelle sont insérées des
protéines en faible concentration. La diffusion serait
donc limitée soit par un fort encombrement en protéi-
nes, soit par un confinement (éventuellement tempo-
raire) des protéines dans des domaines membranaires ;
– quelle est l’origine des hétérogénéités de distribution
latérale à l’échelle micro et submicrométrique ? Les frac-
tions de lipides et protéines mobiles à la surface de cel-
lules vivantes accessibles par FRAP, toujours inférieures
à 1, sont là aussi la signature que leur diffusion est forte-
ment perturbée par des hétérogénéités membranaires. 

Il n’a fallu ensuite attendre qu’une décennie pour
que se développe la technique de Suivi de particule uni-
que (Single Particle Tracking ou SPT, suivi du Single
Molecule Tracking ou SMT, voir encadré 1) permettant
la détection et le suivi de molécules individuelles avec
une résolution spatiale nanométrique. Avoir ainsi accès
aux comportements individuels, masqués dans les mesu-
res d’ensemble obtenues en FRAP ou FCS, a permis de
révéler une grande diversité des modes de diffusion, non
seulement entre molécules différentes, mais aussi au sein
d’un échantillon de molécules identiques dans une
même cellule. Une caractéristique remarquable des tra-
jectoires de SPT ou SMT est qu’elles montrent très
généralement un confinement de la diffusion aux temps
courts (" 1 s), dans des domaines dont le diamètre varie
de quelques dizaines à quelques centaines de nanomè-
tres. Ce confinement peut être temporaire, en alter-
nance avec des périodes de diffusion libre, ou
permanent. Dans ce dernier cas, peut se superposer à
cette diffusion confinée une diffusion plus lente aux
temps longs (# 1 s). Un tel comportement est révélé par
le déplacement quadratique moyen de la position
(cf. figure 2 de l’encadré 1). 

Ces observations ont donné lieu à l’émergence de
plusieurs modèles d’organisation dynamique des mem-
branes, proposant différentes origines au confinement
(voir encadré 2). Ainsi, dans le modèle de « corrals », ce

Figure 1 – Schéma de la membrane plasmique, avec ses composants évoqués dans le texte. La
bicouche a une épa isseur de l’ordre de 5 nm. D’après Greg Geibel, http://sun.menloschool.org/
!cweaver/cells/c/ce ll_membrane/. 

FIG.: Schéma d’une membrane plasmique. Celle-ci utilise le mode d’auto-assemblage
de phospholipides en bicouches lipidiques. En présence d’eau, les queues des
phospholipides cherchent à diminuer leur contact avec les molécules d’eau et elles
s’organisent en bicouches d’où sont exclues les molécules d’eau. Comme les deux
bords sont toujours exposés pour une surface libre, la bicouche se referme sur
elle-même pour former un sac flexible. L’ordre de grandeur de l’épaisseur de la
bicouche est de 5nm. D’après Greig Geibel, http:/sun.menloschool.org/.Introduction à la physique des membranes et des vésicules
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as biological substances generally hydrophobic in nature and
in many cases soluble in organic solvents (Fahy et al, 2005).
Indeed, the behavior of all hydrophobic substances follows
the same physical principles and therefore makes them
subject of the present review. In practice, the organization
of lipids in cells is determined by the bulk lipid classes, and
one can consider the behavior and function of the hundreds
of minor lipids as superimposed on the dynamic organization
of the major ones.

Which are the major lipids in animal cells (Figure 1)?
While triacylglycerols and cholesteryl esters fill the core of
lipid droplets in the cytosol and of lipoproteins being secreted
or endocytosed (van Meer, 2001), the bulk of the cellular
lipids is organized in membranes. The standard membrane
lipid is the cylindrical phosphatidylcholine (PC), 50% of the
cellular lipids. Unsaturated PC yields fluid bilayers. In this
category of glycerophospholipids, phosphatidylethanolamine
(PE) constitutes 20mol% in most membranes, phosphatidyl-
serine (PS) appears on the cell surface during apoptosis and
blood coagulation, and phosphatidylinositol (PI) is the basis
for the phosphoinositides, phosphorylated derivatives whose
signaling functions depend on the number and position of the
phosphates on the inositol ring. A second category is formed
by the sphingolipids. Sphingomyelin (SM), like PC, contains a
phosphocholine head, but has a hydrophobic ceramide back-
bone consisting of a sphingosine tail and one saturated fatty
acid. In glycosphingolipids, ceramide carries carbohydrates,
the simplest ones being glucosyl- and galactosylceramide.
By themselves sphingolipids form a frozen, solid membrane.
They are fluidized by cholesterol, the mammalian sterol,
a third lipid category (Fahy et al, 2005).

Unfortunately we do not know the detailed lipid composi-
tion of each organellar membrane. What is the problem?
(1) Quantitative compositional analyses have been limited to
certain lipid classes, mostly the phosphate-containing glycero-
and sphingolipids. Rarely have glycosphingolipids and choles-
terol been included. This should no longer be a problem using
mass spectrometrical approaches. (2) ‘Purified’ organelles are
not pure. To illustrate the problem: endosomes purified with a
yield of 50% and containing a contamination of only 5% of an
endoplasmic reticulum (ER) marker contain roughly 50% ER
lipids, due to the 10-fold greater surface area of the ER
(Griffiths et al, 1989). (3) Organellar membranes are hetero-
geneous. Whatever purification step increases purity reduces
the yield of the specific organelle with the possibility that
specific subfractions of the organelle are lost. The overall lipid
composition of an organelle provides only limited useful
information for understanding lipid function.

With the caveats above, the compositions established in
the 1970s provide a simple picture (Figure 2; van Meer, 1989).
The secretory organelles beyond the Golgi and the endocyto-
tic organelles are 10-fold enriched in sphingolipids and
cholesterol over the Golgi and ER. Lipid droplets, peroxi-
somes and mitochondria have ER-like polar lipid composi-
tions. So, what mechanism is responsible for the steep
gradient of sphingolipid and cholesterol at the Golgi–TGN
junction? A first hint is that SM and glycosphingolipids have
been found enriched on the noncytosolic surface. In line with
this, the enrichment of sphingolipids on the apical surface
of epithelial cells in comparison to the basolateral surface is
maintained by the tight junction, a barrier to lipid diffusion
in the outer leaflet of the plasma membrane bilayer (Dragsten
et al, 1981; van Meer and Simons, 1986; Figure 3). Indeed,
glycolipids and SM did not diffuse between the apical and
basolateral surface (Spiegel et al, 1985; van Meer et al, 1987).
This implied also that the sphingolipids did not translocate
across the plasma membrane, as this should have allowedOH

+

PC PE SM                    chol

+ + –
––

Figure 1 The structure of the major membrane lipids. The more or
less cylindrical glycerophospholipid phosphatidylcholine (PC) carries
a zwitterionic phosphocholine headgroup on a glycerol with two
fatty acyl chains (diacylglycerol), usually one unsaturated (bent).
Phosphatidylethanolamine (PE) has a small headgroup and a conical
shape and creates a stress in the bilayer: the PE-containing mono-
layer has a tendency to adopt a negative curvature. The phospho-
sphingolipid sphingomyelin (SM) tends to order membranes via its
straight chains and its high affinity for the flat ring structure of
cholesterol (chol). For chemical structures, see Fahy et al (2005).
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Figure 2 Lipid organization in animal cells. The cellular mem-
branes are in bidirectional contact with each other via vesicular
traffic except for, maybe, the mitochondria (MITO) and peroxi-
somes. Whereas the endoplasmic reticulum (ER) and Golgi (G)
nearly exclusively contain glycerophospholipids (gray), the trans
Golgi network (TGN) and endosomes (E) contain 410% sphingo-
lipids and 30–40mol% cholesterol (red). The internal vesicles of
late endosomes (LE) and lysosomes (L) contain the unique lipid
lysobisphosphatidic acid, which is locally produced (Matsuo et al,
2004), like cardiolipin in mitochondria (blue).
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The EMBO Journal VOL 24 | NO 18 | 2005 &2005 European Molecular Biology Organization3160

FIG.: Schéma montrant la structure des phospholipides usuels. La structure est plus ou
moins cylindrique et a taille des têtes polaires varie en passant de PC
(phosphatidylcholine), PE (phosphatidylethanolamine) dont la forme est plutôt
conique, et SM (sphingolipid sphingomyelin) qui a une grande affinité pour le
cholesterol (d’après Ref. [7]).
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(1,2-dioleoyl-sn-glycero-3-phosphocholine) 
enclosed within a stiff, gel-like lipid called 
DPPC (1,2-dipalmitoyl-sn-glycero-3-phospho-
choline), thus forming ‘lakes’ of DOPC within 
the ‘land’ of DPPC. In some experiments, the 
authors added cholesterol to the membranes to 
modify the physical properties of the lake and 
land regions, such as the line tension of the lake 
boundaries. The authors’ system reproduces 
at least one of the lipid-based mechanisms of 
membrane bending: bulging of the lakes driven 
by boundary contraction.

But Yu et al. also added a protein to the 
membrane — melittin, a relatively short anti-
microbial peptide containing 26 amino-acid 
residues. Some of the melittin molecules 
inserted themselves at shallow depths into 
the outer monolayer of the lipid lakes, and 
laid parallel to the membrane surface. These 
molecules bent the lipid lakes using the hydro-
phobic insertion mechanism. Other melittin 
molecules inserted perpendicularly to the 
membrane surface. These molecules formed 
transmembrane complexes that served as 
aqueous pores, facilitating curvature genera-
tion by removing geometrical constraints that 
otherwise maintain the volume of the GUVs. 
Yu and colleagues’ system thus combines for 
the first time these lipid- and protein-based 
mechanisms of membrane bending.

Although the lake-like regions of the authors’ 
GUVs bend, bud and even break away to form 
new, smaller vesicles, the curvatures generated 
in this system are much larger than those of 
intracellular vesicles and tubes. The physical 
forces controlling membrane bending in vivo 
cannot therefore be completely explained by 
the mechanisms built into Yu and colleagues’ 
model. Moreover, the exact interplay between 
lipid-generated line tension and protein-
generated hydrophobic insertion, and its 
role in determining curvature in the model 
system2, remain to be clarified. Neverthe-
less, the authors’ GUVs provide a general, 
promising platform for investigating how inter-
actions between diverse proteins and lipids 
in membranes affect the shaping of those 
membranes. ■

Michael M. Kozlov is in the Department of 
Physiology and Pharmacology, Sackler 
Faculty of Medicine, Tel Aviv University, 
Tel Aviv 69978, Israel.
e-mail: michk@post.tau.ac.il 
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Figure 1 | Mechanisms of bending in lipid bilayers. a, Lipid asymmetry. This occurs when each 
monolayer is enriched with lipid molecules of different shapes (such as the orange and green 
molecules shown) and/or when one monolayer contains more lipid molecules than the other. 
b, Proteins cause membrane asymmetry by inserting their hydrophobic domains into one side of 
the bilayer. c, When bilayer matrices contain domains consisting of different lipid phases (such as the 
ordered (brown) and disordered (purple) regions shown), the boundaries between the domains tend 
to contract, causing the intervening region to bend. d, Finally, proteins bound to the bilayer can act as 
scaffolds that force curvature on the membrane. Yu et al.2 report a synthetic model of membranes in 
which both hydrophobic insertion and domain-boundary contraction bring about bending.
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cylinders, cones or inverted cones3. If, for 
example, there are more inverted cone-like 
molecules in the outer monolayer than in the 
inner mono layer, the bilayer will tend to adopt 
a concave shape (Fig. 1a). Alternatively, asym-
metry can be created by introducing more 
lipid molecules into one monolayer than in the 
other4. The membrane will then bulge in the 
direction of the monolayer that has the larger 
number of molecules.

Proteins can generate membrane asym-
metry by inserting their hydrophobic domains 
into the lipid bilayer matrix on one side of a 
membrane5 (Fig. 1b), causing the membrane 
to bulge towards the affected monolayer. Most 
membrane-bound proteins have the potential 
to do this, because they already have hydro-
phobic domains inserted into membranes to 
anchor themselves. A theoretical analysis6 of 
this hydrophobic insertion mechanism has 
revealed that the largest membrane curva-
tures are generated by shallow insertions that 
penetrate the external membrane monolayer 
only to about a third of its thickness. Com-
mon protein domains, such as amphipathic 
α-helices (which contain both hydrophobic 
and hydrophilic parts) and short hydrophobic 
loops, induce membrane curvature in this way, 
and are predicted to be much more effective 
than lipids in doing so6.

Physical constraints that cause curvature in 
purely lipid membranes emerge if the lipid mol-
ecules are organized into patches of different 

phase state, such as ordered and disordered 
regions. Generally, the boundaries of such 
patches are in higher energy states than the rest 
of the membrane. This gives rise to a property 
known as line tension (which has dimensions 
of energy per unit length of the boundary), 
analogous to the surface tension associated 
with interfaces of immiscible media. Just as 
surface tension constricts the surface area of 
interfaces, line tension constricts patch bound-
aries. This causes patches to bulge, generating 
membrane curvature7 (Fig. 1c). Protein mol-
ecules, on the other hand, physically constrain 
membranes if they have intrinsically curved 
shapes and attach to the bilayer surface along 
their bent faces — they simply impress their 
curvatures on the membranes3,5,8 (Fig. 1d).

Although all of the above-mentioned 
mechanisms of membrane bending have been 
suggested and verified experimentally3,5,8, the 
importance and effectiveness of the inter-
play between lipid- and protein-based modes 
remains largely unexplored9. Yu and col-
leagues’ experimental model of a membrane2 
offers a unique possibility to resolve this issue. 
Their system consists of giant unilamellar 
vesicles (GUVs). At the size scales involved 
in intracellular membrane bending, the GUV 
membranes can be thought of as being essen-
tially flat, because the vesicles’ radii are much 
greater than the membrane thickness.

The membranes are composed of soft, 
liquid domains of a lipid known as DOPC 
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Courber la membrane
requiert une énergie de
l’ordre de 20kBT. Ici
mécanismes qui
permettent de courber
une membrane
fluctuante pour faire
des spherules ou des
tubes→ systèmes
reconstitués.
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On sait maintenant qu’il existe des protéines qui sont des senseurs de
courbure : l’auto-organisation dépend de la mécanique et de la
géométrie[? ]

Amphipathic helix

Lipid bilayer

BENDING: THE RULES

Wedging

Sca!olding

Two possible ways to bend a membrane: 
insertion of wedges, such as amphipathic helices, 
or moulding around a sca!old.

Lipid bilayer

Wedging

Lipid bilayer

Rapoport saw it, he says, “I ran around the lab 
asking everyone, ‘Did you see this? It’s fantas-
tic!’ and getting everyone to look through the 
microscope”. The experiment seemed to have 
triggered membranes into self-assembling an 
ER, which is normally continuous with the 
nuclear envelope membrane9. 

The excitement only intensified when Gia 
Voeltz, then one of Rapoport’s postdocs, iso-
lated a class of proteins responsible for curving 
the tubules in the ER10. Called reticulons, these 
proteins have neither a BAR domain nor an 
amphipathic helix and there is much discus-
sion as to how they work. They do form a dou-
ble hairpin-loop structure that inserts partway 
into the membrane, and Rapoport and Voeltz, 
along with De Camilli and Kozlov, think that 
these hairpins may act as a wedge. (Kozlov has 
calculated that the hairpins probably insert to 
the magical one-third depth.) 

The barber pole effect
Because reticulons are sunk permanently 
into the membrane, Voeltz, who is now at the 
University of Colorado, Boulder, says that 
they and proteins like them might be better 
suited for the long-term maintenance of 
an organelle’s tubular shape than a protein 
such as amphiphysin, which inserts tempo-
rarily as a budding vesicle forms. She origi-
nally thought that the reticulons might stack 
up to make a “nice little barber pole” scaffold 
around the ER tubes. But now, she’s pretty 
sure it’s not that simple — and when she pulls 
up her lab’s latest cryo-electron microscopy 
images of the ER tubes, it’s easy to see why. 
In these images, which show the ER’s three-
dimensional structure at nanometre-scale, the 
tubules look nothing like neat cylinders and 
more like gnarly tree roots with wide and nar-
row stretches. Voeltz now thinks that a clus-
ter of several reticulon molecules may help to 
stabilize the tubes by forming a half-ring at 
the narrowest points of constriction. This fits 

with the idea that cells have evolved multiple 
wedges, with different shapes and bending 
abilities, to fit different purposes.

McMahon now says it was clear early on, “that 
we were going to have a whole repertoire of pro-
teins — some driving curvature, some limiting 
or stabilizing curvature, and some sensing cur-
vature”. And Antonny’s group has been focused 
on the sensing part of the repertoire. He is try-
ing to understand how the bend of a membrane 
can act as a signal, such that its position, camber 
or direction can recruit additional proteins to a 
particular point on an organelle. 

Antonny’s recent work has focused on one 
enzyme, called ArfGAP1, that detects the tight 
curve on transport vesicles and directs the 
removal of their protein coat before they can 

fuse with their des-
tination membrane. 
His team showed 
that ArfGAP1 has 
greater activity when 
bound to highly 
curved membrane 
spheres — with the 
same diameter as 
transport vesicles — 
than to ones with a 
broader diameter and 
a gentler curve11. The 

degree of curvature tells the enzyme that there’s 
a vesicle that needs uncoating, Antonny says, 
so that it binds only to vesicles and not to other 
curved surfaces.

By chopping ArfGAP1 into smaller bits, the 
group found that its key curve-sensing stretch 
was an amphipathic helix. “But the chemistry 
of the helix was almost the opposite of what 

you would expect,” he says. Unlike that in 
the BAR domain, the helix in ArfGAP1 has 

almost no positive charge on one side and 
lacks the strong attraction to the membrane12. 
Antonny compares the protein’s behaviour to 
that of a nervous swimmer about to take the 
plunge. “It’s as if the molecule is shy and the 
water is not warm enough when the membrane 
is flat. But when you bend the membrane, the 
molecule can sense the lipid packing defect 
and inserts.” The molecule’s shyness is what 
makes it a good sensor, he explains. It dives in 
only when the amount of curvature is right and 
gets out when that curvature changes. 

Last year, Antonny’s lab found a similar cur-
vature-sensing helix that may help to maintain 
the shape of the Golgi complex13, an organelle 
responsible for processing and trafficking 
proteins and other large molecules in the cell. 
The Golgi is a series of flattened membrane 
sacs stacked up like pancakes, with transport 
vesicles constantly budding off from its fringes. 
How it maintains its architecture in the midst 
of all this trafficking has been a puzzle. The new 
helix “is a start to explaining why the Golgi has 
this beautiful architecture”, says Antonny. 

Explaining beautiful — but functional — 
architecture is after all what the whole field is 
about. “They strike us, they surprise us, but we 
find a remarkably appealing harmony in such 
buildings,” says De Camilli of Gaudi’s con-
structions. And cells, he says, are the same. “I 
think the beauty of great architecture, like the 
beauty of cellular structures, resonates in us 
precisely because they build on natural physi-
cal principles.” ■

Kendall Powell is a freelance science writer 
based in Broomfield, Colorado.
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BAR domains conjure tubules out of 
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La cellule vivante la plus simple du point de vue mécanique

— 13 — 

Introduction

Les globules rouges sont les cellules sanguines chargées de transporter les gaz à

travers l’organisme : le dioxygène vers les cellules et une partie du dioxyde de carbone vers

les poumons. Pour cela, les globules rouges parcourent des centaines de kilomètres au cours

des 120 jours de leur existence. Ils sont amenés à traverser des capillaires dont le diamètre

peut être inférieur au leur (cf. Figure 1) et doivent supporter des taux de cisaillement élevés,

pouvant aller jusqu’à ~1000 s-1 [Schmid-Schönbein et al., 1979]. Ceci nécessite des propriétés

élastiques remarquables, dont une très grande résistance aux contraintes de cisaillement. Cette

résistance au cisaillement est possible grâce aux propriétés particulières de sa membrane.

Figure 1 : Image de globules rouges humains par microscopie électronique et dessin de

globules rouges dans un capillaire [Delaunay et Boivin, 1990]. Le globule rouge présente une

très grande résistance au cisaillement, résistance due à une membrane ayant une structure

particulière.

FIG.: Image de globules rouges humains sains (hémathie) par microscopie électronique.

Hémathies
La paroi des hémathies n’est pas constitué uniquement d’une bicouche
lipidique. Il existe un réseau polymère de spectrine. Ce réseau est
bi-dimensionnel et il est ancré dans la membrane.
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Figure 2. Septagonal and pentagonal subunits in the spread mem- 
brane skeleton. A septagonal subunit is shown in the lower left-hand 
comer, whereas an adjacent pentagonal subunit is shown in the up- 
per right-hand comer. A dense region of residual membrane mate- 
rial is indicated by an asterisk at the lower left hand comer. 

respectively (n = 163). Fig. 3 shows, in a different prepara- 
tion, a large area of the spread skeleton at high magnifica- 
tion. Many subunits in the spread skeleton do not contain all 
the spectrin cross-links between adjacent junctional com- 
plexes, presumably due to partial disruption occurring dur- 
ing specimen preparation. However, we can not exclude the 
possibility that some of the missing spectrin cross-links may 
already be absent in the native membrane. 

The membrane skeletons shown in Figs. 1-3 were exam- 
ined on a very thin carbon film to obtain high contrast. The 
thin carbon film is supported and strengthened by a fine 
1,000-mesh grid or a holey Formvar coated grid. The advan- 
tage of using a continuous thin carbon film instead of a fenes- 
trated carbon film (34, 35) to support the membrane skeleton 
is that the skeleton can be artificially spread during specimen 
preparation due to a contraction of skeletal material toward 
the center of the specimen while the skeletal margin is still 
firmly attached to the thin carbon film on the copper grid. 
Fig. 4 shows a spread skeleton with an asymmetric lattice 
due to the uneven stretching of the network during specimen 
preparation. In some areas the cross-bridges were stretched 
into straight filaments in one axis to '~200 nm, which is the 
contour length of a spectrin tetramer. In other axes of the 
same areas, spectrin cross-bridges between adjacent junc- 

tional complexes are more convoluted and relaxed. It is pos- 
sible that this spring-like flexibility of spectrin is important 
in facilitating the deformability of the intact erythrocyte. Fig. 
5 shows a spread region of the double layered intact skeleton, 
indicating that stretched spectrin filaments of the bottom 
layer were crossed over by spectrin filaments of the upper 
layer of the skeleton. This type of image helps us to distin- 
guish between the irregular polygonal images generated 
from skeleton overlap and the pentagons, hexagons, and sep- 
tagons observed on the spread monolayered skeleton (Figs. 
1-3). In addition, we often detected a progressive decrease 
in the stretching of the network from the marginal region to 
the center of the skeleton preparation. It appears that the 
meshwork generated by spreading the isolated skeleton, as 
compared with that obtained from intact cells (5), produces 
a much larger area of a continuous lattice for detailed visual- 
ization. The ultrastructural information obtained from the 
isolated skeleton may be correlated directly with the skeletal 
protein composition and facilitate the molecular assignment 
of some of the structural elements. 

Large areas of the hexagonal lattice in the spread mem- 
brane skeleton are detected reproducibly in different skeleton 
preparations. The inclusion of glutaraldehyde fixation in the 
skeleton preparation for electron microscopic examination is 
important for the preservation of the skeletal protein connec- 
tions. It seems to reduce the degree of partial disruption of 
the network structure, especially at the marginal region of 
the spread skeleton during specimen preparation. However, 
a hexagonal array of the proteins is still detectable without 
glutaraldehyde fixation (data not shown). In addition, prepa- 
ration of erythrocyte skeletons at different hypotonic salt 
concentrations (e.g., 0-20 mM NaC1) or temperatures (e.g., 
0-25°C) does not change the ultrastructure of the spread 
skeleton (data not shown). 

Spectrin Cross-links in the Spread Membrane Skeleton 
Although the 200-nm spectrin tetramers appear to be the 
most prominent species of spectrin to cross-link the junc- 
tional complexes of actin, we detected a significant amount 
of spectrin (16% of total, n = 341) in several different forms 
including (a) three-armed, Y-shaped spectrin molecules 
linking three junctional complexes (Fig. 6, a and b), (b) 
three-armed spectrin molecules with two arms bound to a 
junctional complex and the third arm bound to the adjacent 
complex (Fig. 1 b), (c) two separated spectrin filaments link- 
ing two junctional complexes (Fig. 1 b), and (d) four-armed 
spectrin molecules linking two junctional complexes (Fig. 6 
c). Among these the three-armed spectrin molecules are the 
most abundant, representing •11% of the total cross-links. 
These observations are compatible with the presence of spec- 
trin tetramers and possibly other medium-sized oligomers in 
the erythrocyte membrane, as previously indicated by bio- 
chemical analysis (21, 28). 

At the present time, however, the identification of different 
oligomeric species of spectrin in the spread skeleton is still 
premature. These oligomeric-like images may be generated 
from spectrin tetramers by a splitting of the ~t- and 13-chains 
of one or both of the dimeric subunits or alternatively by 
breakage and rearrangement of spectrin tetramers in situ or 
during specimen preparation. 
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trin tetramers and possibly other medium-sized oligomers in 
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(b)

FIG.: Visualisation du réseau hexagonal de spectrine visualisé par microscopie
électronique. Les molécules de spectrines connectent les vertex d’actine. Le
cytosquelette est ainsi riveté à la membrane par des protéines spécialisées. L’image de
droite est une vue de l’artiste du réseau dont le pas fait environ 200 nm. Bien que motif
le plus courant soit constitué d’hexagones, on remarque la présence de pentagones.[? ]
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Introduction géométrique à la courbure

Hypothèses

(i) Les membranes sont fluides. En particulier, aucune résistance au
cisaillement. Le coefficient de diffusion est ≈ 10−6cm2/s⇒ Il faut
environ 1 seconde à un phospholipide pour inspecter une vésicule.

(ii) L’épaisseur de la bicouche (≈ 60Å) est très inférieure à la taille
caractéristique de la vésicule.

La membrane est vue comme une
surface 2D avec 2 tangentes et 1
normale. Le tenseur de courbure
donne la variation de l’orientation de
la normale n :

∂n
∂xi

= Ri,jtj (1)

15

t1

t2

t3=h

O

Figure 15: The tangent plane at a point O. The distance of a generic point P from it is given by h =
1
2

∑
ij Ωijt

itj . The principal directions on the surface at the point O are also drawn.

• The free energy can be expressed as a local functional of !r(σ) and its derivatives. This assumption
rules out, for the time being, the effects of the interaction of the membrane with itself, due for example
to close contacts when a part of the membrane folds on the rest.

• The free energy must be invariant under Euclidean transformations applied to !r and under reparametriza-
tion transformations like σ → σ′ = σ′(σ).

It was noticed by Canham [14] and then by Helfrich [55] that these hypotheses imply that, considering
only the contributions of derivatives of !r up to second order, one obtains the following general expression of
the free energy of a membrane:

F =

∫

S

dA

[
γ +

1

2
κ (H − H0)

2 + κK

]
. (3.16)

Here dA is the area element and γ is the area coefficient. The integral is extended over the membrane surface
S. The coefficients κ and κ are known as the rigidity and Gaussian rigidity respectively. The quantity H0

is called the spontaneous curvature.
The free energy (3.16) has been derived only on the basis of geometrical considerations. However it is

necessary to gain some insight on the terms appearing in this expression by considering in more detail the
elasticity of a fluid membrane. One finds several discussions of this subject in the literature [99, 116, 57],[86,
App. B].

The simplest derivation starts by considering a monolayer. Let us assume that the elastic energy per
molecule in a given configuration is the sum of the energy Eh pertaining to the heads and the energy Et

pertaining to the tails. We take as a reference the neutral surface, where the moments of the elastic forces
on heads and tails cancel. We assume for definiteness that the positive direction is towards the heads, and
denote by δh and δt the distance of the heads and the tails, respectively, from the reference surface.

The areas ah of the heads and at of the tails are given by:

ah = a
(
1 + Hδh + Kδ2

h + . . .
)
, (3.17)

at = a
(
1 − Hδt + Kδ2

t + . . .
)
, (3.18)

where a is the area of the molecule on the neutral surface (cf. fig. 16). We can now write, assuming a simple
(Hooke-like) elasticity:

Eh =
1

2
kh

(
ah − ah0

ah0

)2

, (3.19)

Et =
1

2
kt

(
at − at0

at0

)2

, (3.20)

where ah0 and at0 are the equilibrium values of head and tail areas, and kh and kt are elastic constants (with
the dimensions of an energy per molecule). The elastic energy E per unit molecule can be written

E = Eh + Et. (3.21)
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Une formule utile
On considère un plan contenant la normale. Ce plan a une intersection avec
la surface qui est une courbe. Soit R le rayon de courbure de cette courbe
plane. Faisons tourner ce plan d’un angle φ autour de la normale :

1
R(φ)

=
cos2 φ

Rmax
+

sin2
φ

Rmin
(2)

Les invariants géométriques vont nous permettent de construire une
énergie libre
Il existe deux invariants vis à vis de la re-paramétrisation de la surface (trace
et déterminant)

Courbure moyenne : H =
1
2

(
1

R1
+

1
R2

)
(3)

Courbure gaussienne : K =
1

R1R2
(4)
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Conséquence : origine de l’effet bilame

4π (R+d)2−4π (R−d)2

4πR2 =
4d
R

(5)

donc varier les densités de façon différentielle entre l’intrados et l’extrados
est couplé à la courbure

Important
Courbure = extension relative de la surface externe par rapport à la surface
neutre et compression relative de la surface interne.
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Un théorème dû à Gauss :
∫

dS
1

R1R2
= 4π (1−g) (6)

où g est le nombre de trous (c.-à-d. des anses. Une chambre à air est un tore à
un trou)

Conséquence
On ne peut pas construire une énergie avec la courbure gaussienne, car
celle-ci compte tout au plus le nombre de trous et elle indépendante de la
forme de la surface lorsque celle-ci est fermée. Ce terme ne peut changer que
si la topologie change par fusion ou fission de membrane. Il s’agit d’un
événement très rare pour une membrane phospholipidique. La fusion ou la
fission est contrôlée par une machinerie dans les systèmes biologiques
(snares).
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L’énergie de flexion est invariante d’échelle

Conséquence 1
Pour une sphère de rayon R

Ecourbure =
1
2

κ4πR2 1
R2 (7)

qui est indépendant du rayon R de la sphère. Que R soit grand ou petit
l’énergie de flexion est la même !

Conséquence 2
Mais pour une surface arbitraire, les deux rayons de courbures peuvent avoir
des signes arbitraires : on peut courber sans voir d’énergie (surfaces
minimales)
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Exemple des formes à symétrie de révolution : les onduloı̈des

z

r θ

 r/sinθ

n̂

R

Rm

m

Exemple de surface de révolution
engendrée par une courbe en rotation
autour de l’axe z. La distance par
rapport à l’axe est notée r. Le rayon de
courbure suivant la direction des
parallèles est le rayon du cercle
tangent et contenant la normale n̂. Le
cercle de courbure est donc incliné
d’un angle θ par rapport à l’axe z. Les
deux cercles en pointillé illustrent les
deux cas possibles de position du
centre de courbure pour le calcul dans
la direction des parallèles. Le centre
est soit à l’intérieur de la surface, soit à
l’extérieur. Le rayon de courbure peut
donc avoir un signe arbitraire.
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!heptane", and allowing the heptane to evaporate before add-
ing water to the residue, or mixing first AOT and salt in a

ratio 1:3 in weight, then pouring gently the appropriate quan-

tity of water to the AOT/salt mixture to have the desired

!AOT/salt" concentrations. For the purpose of this work we
used the second procedure, so that we could avoid any kind

of mixing of the two alkanes. If we prepare a low salinity

solution by dissolving the amount of AOT in water and add-

ing brine to bring the solution to the desired salinity, no

vesicle is observed. The formation of these vesicles is prob-

ably due to an electrostatic effect between the polar heads

#17$. In this paper we will not describe the phase observed
when changing salinities or amphiphiles concentrations. In-

stead we will focus on a particular effect of dodecane on

tubular vesicles obtained at high salinities. An instability is

studied and the wavelength selected at the onset of the insta-

bility is measured as a function of the radius of the unper-

turbed tubules. The instability and the wavelength selection

are found to be a result of the fact that the spontaneous

curvature deviates from zero because of oil incorporation

into the tubular vesicle layers, which makes the bilayer non-

symmetrical. Although spontaneous curvature is a well-

known parameter in the study of topological and mechanical

properties of membranes, we will explain briefly its origin in

Sec. III.

The vesicles are observed through an inverted phase con-

trast microscope (40! objective, Nikon diaphot 200". The
cell where the vesicles are observed is a 1-mm-thick closed

glass cell; the gap between these two glass slides is also

1-mm-thick. The AOT-brine solution is left for a couple of

days, so that any shape transformation due to macroscopic

flow, after transfering the solution from a test tube to the

observation cell, disappears. The observation cell is hermeti-

cally closed and sealed up in order to avoid any fluid leakage

and oil evaporation. The brine salinities used correspond to

the minimun of oil-water interfacial tensions and are 0.175

mol/L for dodecane and 0.075 mol/L for decane and an AOT

concentration of 7.5 mmol/L and 4 mmol/L, respectively.

The critical micellar concentration !CMC" of AOT water so-
lution without salt is around 2.5 mmol/L. !CMC is the am-
phiphile concentration at which the air-water or oil-water

interface is saturated and the first micelles are formed." It is
noteworthy that by adding AOT to water, the surface tension

drops continuously and reaches a value, at the CMC, beyond

which it !the surface tension" remains constant. At 0.075
mol/L of NaCl, the stable shapes are essentially prolate and

spheres; at 0.175 mol/L of NaCl, the shapes are cylinders.

This shape transformation from low salinities to high salini-

ties is probably due to an electrostatic effect as AOT is an

anionic molecule #17–19$. We observed the effect of dode-
cane on stable tubular vesicles at 0.175 mol/L !at this salinity
the dodecane-brine interface tension is minimum" #13$. The
introduction of the oil into the cell does not perturb hydro-

dynamically the solution and it is a noninvasive way to in-

troduce the drop into the solution. To avoid instabilities such

as the Marangoni effect, the oil is introduced through a less

than 1-%m-diam crack-type orifice. The drop, with a volume
of the order of 0.25 %L, travels through the glass by capil-
larity before it reaches the solution. The orifice is located at

the lateral wall of the cell, that is, between the lower glass

slide and the piece separating the two slides. The drop is then

directly introduced into the solution. Due to the weak solu-

bility of dodecane in water, and its slow diffusion, it takes

several hours for the instability to start. The oil probably

travels inside the solution after being incorporated in the

swollen micelles. After the oil reaches the tubules situated

far enough from the point where the drop was introduced,

tubules become unstable, forming pearls similar to the ones

observed in Refs. #6–9$. We have not noticed any shape
changes when the gap between the horizontal walls of the

observation cell is much smaller than 1 mm. !We do not
know why this effect depends on the gap between the cell

walls where the vesicles are being observed. Oil evaporation

may affect the dynamics too." A sinusoidal instability is ini-
tiated, and develops to a peristaltic state, with a reduction in

fluctuations. However, large cylinders are stable; this will be

clarified in the following model. The structure observed is

periodic and typical necks between the pearls are apparent.

In the case of thick walled vesicles, the pearls do not discon-

nect. However, tubules with thin layers are cut into separated

spheres at the end of the instability. The time over which the

spheres disconnect is still unknown. This kind of state is

shown in Fig. 1. Bar-Ziv and Moses #6$ suggested, after an
experiment where a tubular phospholipid membrane was ex-

cited using optical tweezers, that the instability appears be-

cause of a change in the surface tension induced by the twee-

zers with analogy to the Rayleigh instability of a column of

liquid #20$. The surface energy should be the source of in-
stability, however as the surface energy increases the linear

analysis shows that the instability develops only long-wave

modulations without any wavelength selection. Later, and to

explain the observations of Bar-Ziv, Tlusty, and Moses #7$,
Nelson, Powers, and Seifert #21$ showed that nonzero wave-
length could be selected by the radius of the tubular mem-

brane, because of the fluid viscous motion inside the tube.

See also #26$. However, in the case of our experiment this
model is not sufficient to select a well-defined periodic spa-

tial modulation of tubular membranes with the right depen-

dence of the wavelength versus the initial size of the cylin-

der. In fact, in our case an extra length scale becomes

important in the problem.

Figure 2 shows the dependence of the dimensionless num-

ber (qcR0) as a function of the initial radius of the tubule

R0 . The wavelength at the onset, qc , is measured whenever

a tubular vesicle starts to suffer the instability. The disper-

sion in the data is probably due to the fact that the wave-

length is not measured exactly at the onset with an error of

FIG. 1. A peristaltic state, in a thick cylinder. The bar represents

10 %m.

7734 PRE 58SAHRAOUI CHAÏEB AND SERGIO RICA

FIG.: Figure d’équilibre d’une onduloı̈de. La barre représente 10 µm. D’après la
référence [2].
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Le problème d’une vésicule est très différent de celui d’une goutte
liquide qui est dominée par la capillarité (transfert de molécules du
volume à la surface)

FIG.: Schéma du goutte déposée sur un substrat. En absence de gravité, la forme de la
goutte est un hémisphère. L’angle de mouillage θ est relié au rayon de l’hémisphère
dont le rayon d’adhésion est r = Rsinθ . Lorsque θ = 0 la goutte ne mouille pas le
substrat. Lorsque θ = π , la goutte forme un film et on est en situation de mouillage
total.
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Unités
Pour une goutte la capillarité domine (tension de surface). Pour une vésicule
la tension de surface a un sens physique différent : il est associé à l’étirement
de la membrane et son effet est faible devant celui de la flexion

(i) Tension de surface σ : 1 nN/µm = 1 mN/m = 1 dyn/cm (1 dyn = 105

N). La tension de lyse d’une membrane est de l’ordre de quelques mN
par nanomètres.

(ii) Module de flexion κ ≈ 20−40kBT pour des vésicules et 3kBT pour des
membranes fluctuantes.

Longueur caractéristique en-deçà de laquelle la flexion domine la
fonctionnelle d’énergie

l =
√

κ

σ
' 10nm−10µm (8)

⇒ très petite dans le cas des gouttes liquides, de l’ordre de grandeur de la
taille d’une vésicule pour les membranes.
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Élasticité d’une monocouche

Conséquence
Pour une surface d’aire constante, nous écrirons donc

E =
κ

2

∫
dS (c1 + c2)

2 (9)

Généralisation
Cette formule se généralise au cas où le milieu a une courbure naturelle R0 -
on dit courbure spontanée dont l’origine est physico-chimique - qui sert alors
de référence (voir joint torique par ex.)

E =
κ

2

∫ l

0
ds
(

1
R
− 1

R0

)2
(10)

et pour une surface nous écrirons :

E =
κ

2

∫
dS (c1 + c2− c0)

2 (11)
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Élasticité d’une bicouche

Contraintes
Le minimum d’énergie de flexion est une sphère. Il existe 2 contraintes : nous
minimisons l’énergie de flexion à Aire totale et Volume tous deux constants,
donnés au moment de la formation de la vésicule. L’aire est fixée par le
nombre de phospholipides (pas d’échange) et le volume est constant sans
cela il apparaı̂trait une pression osmotique qui doit rester très faible.

Fonctionnelle d’énergie
La forme minimise un potentiel

E =
κ

2

∫
dS (c1 + c2− c0)

2−pV +σA (12)

où p et σ sont deux paramètres de Lagrange baptisés pression et tension de
surface.
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Généralisation

Pour une bicouche, la différence d’aire est fixée par la courbure.
Considérons deux sphères concentriques :

∆A = 4π (R+d)2−4πR2 = 4πR2×2
d
R

= 2d
∫

dA H
︸ ︷︷ ︸

courbure moyenne

(13)

Conduit au modèle A.D.E.

EA DE =
κ

2

∫
dS (c1 + c2− c0)

2 +
πκ̄

Ad2 (∆A−∆A0)
2 (14)

Beaucoup de solutions→ bifurcations entre formes qui minimisent l’énergie.
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Exemple de formes

On peut contrôler l’aire totale de la
vésicule en jouant sur l’expansion
thermique de la membrane. Imaginez
que nous partions d’une sphère et que
l’aire A augmente. Ajouter à la sphère
mère une sphérule de taille 2R0 ne
coûte aucune énergie car son énergie
est nulle si le système possède une
courbure spontanée R0 :

∫
dA

(
1
R
− 1

R0

)2
= 0 (15)

→ Bifurcation de bourgeonnement
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Bourgeonnement par tension de ligne entre deux phases

Une interface entre deux
phases coûte une énergie. Si
nous imaginons que la
membranes contient deux
espèces de phospholipides
chimiquement incompatibles,
la forme de la vésicule peut
réagir en diminuant la
longueur de la ligne de contact
entre les deux phases. La ligne
de contact étant concentrée au
niveau du col connectant la
sphérule à la vésicule mère, la
membrane décroı̂t l’énergie
associée à l’interface entre les
deux phases en bourgeonnant.

1826 JOURNAL DE PHYSIQUE II No10

Fig.1. — Budding of the membrane domain embedded in the membrane matrix . The domain
edge is indicated by the full-broken line. The length of this edge decreases during the budding process
from (1) to (3).

Even though the budding of biomembranes resembles the temperature-induced shape trans-
formations of lipid vesicles, the underlying mechanism must be quite different. Biomembranes
are composed of many different lipids and proteins which diffuse laterally along the membrane
and can therefore aggregate into clusters or domains. Indeed, the budding of biomembranes is
believed to be preceded by the formation of such intramembrane domains [8-11].

It is shown in this paper that a domain within a fluid membrane should always undergo a
budding process as soon as it has attained a certain size. This process is induced by the line
tension of the domain edge: as can be seen by inspection of figure 1, the edge energy of the
budded domain is much smaller than the edge energy of the flat (or weakly curved) domain.
More precisely, the instability of the flat domain is governed by the competition between the
line tension of the domain edge and the bending energy of the domain. This interplay will be
studied in section 2 within a simplified theoretical model. In section 3, the dynamics of the
budding process will be discussed. The various length and time scales involved in the process
will be estimated for lipid bilayers in section 4. Finally, it is argued in section 5 that this
mechanism should also be effective for biomembranes.

A variety of theoretical models for budding have been previously described in the literature.
[12, 13] It seems, however, that the important role played by the line tension of the domain
edge has been overlooked so far.

2. Energy of budding domain.

2.1 EDGE ENERGY VERSUS BENDING ENERGY. — A flat domain with surface area    embedded
in a flat membrane matrix will form a circular disk of radius in order to attain
a state with the minimal value, , for the length of its edge. However, as far as the edge
energy is concerned, a flat circular disk does not represent the state of lowest energy since the
length of the edge can be further reduced if the domain deforms into the "third dimension"
and forms a bud, see figure. 1.

Such a deformation necessarily involves an increase in the curvature and thus in the bending
energy of the domain. The domain has minimal bending energy if its curvature is equal to the
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the tangent to the meridional vesicle trace at the location of
the phase boundary is critically influenced by the difference
between Ld and Lo phase of Gaussian bending moduli. This
tangent direction can be accurately determined from the
vesicle shown in Fig. 2 A, but can only be estimated in
vesicles depicted in Fig. 2, D and G. We therefore focus our
quantitative discussion on the vesicle shown in Fig. 2 A, and
discuss the shapes of vesicles in Fig. 2, D and G, in
a qualitative manner.
The coordinates of the vesicle shown in Fig. 2 A were

mapped by a tracing algorithm (5), at 2150 data points with
equal arc length increments. The total arc length of the
meridional section was 78.5 mm. To allow for convenient
comparison between experimental vesicle and simulated
vesicle shapes, the total vesicle area, A, was determined from
the trace using

AðsÞ ¼ 2p

Z s

0

rðsÞds; (8)

where integration is performed from north pole to the vesicle
south pole. An area A $ 1205 mm2 was obtained, leading to

a radius of an undeformed sphere with the same area, Ro $
9.8 mm. From this radius and the measured vesicle volume,
V, the reduced volume was calculated from

y ¼ V

4p=3ð ÞR3

0

; (9)

which resulted in y $ 0.76. The vesicle coordinates were
normalized to the area of the unit sphere: these normalized
coordinates are shown in Fig. 3 A. Fig. 3 B depicts tangent
angles to the meridional trace, as a function of arc length,
measured clockwise from the north pole of the vesicle (see
Fig. 1). The dimensionless arc length of Fig. 3 B can be
converted to physical units by multiplying with a factor of
78.5 mm/8.01ffi 10.2 mm. By definition, the derivative of the
tangent angle with respect to arc length is the meridional
curvature, cm ¼ &c9. The experimental vesicle shape with
line tension shown in Fig. 2 A is significantly deformed from
the equilibrium shape of a vesicle with a homogenous mem-
brane and with the same reduced volume y $ 0.76 (compare
Fig. 4 B, leftmost vesicle shape). High reverse meridional
curvature is found in a region near the phase boundary,
whereas the vesicle shape outside this boundary layer shows

FIGURE 2 Two photon microscopy images

of axially symmetric vesicles with fluid phase
coexistence. (A, D, and G) Merged imaging

channels. (Red, Ld phase, fluorescence dye

lissamine rhodamine DPPE; blue, Lo phase,

fluorescence dye perylene.) Vesicle compositions
are, as mole fractions of egg SM, DOPC, and

cholesterol, respectively, 0.615:0.135:0.25 (A–C,
this vesicle was imaged at a temperature of

30!C), 0.584:0.103:0.313 (D–F), and 0.25:0.5:
0.25 (G–I), these vesicles were imaged at 23!C.
(B, E, and H) Red channel. (C, F, and I) Blue
channel. Scale bar is 5 mm.
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Imagerie bi-photonique d’une
coexistence de phase entre un phase
liquide ordonnée et une phase liquide
désordonnée dans la membrane d’une
vésicule. Il s’agit en fait d’un mélange
ternaire avec du choslesterol de deux
types de phospholipides dont les
chaı̂nes ont des longueurs différentes.
Les domaines des deux phases sont
imagés à l’aide de chromophores qui
ont des affinités très différentes pour
les deux phases. Les 3 vésicules
correspondent à des fractions d’aire
occupées par les deux phases
différentes. Les colonnes 2 et 3 sont
des expériences où seul l’un des deux
domaines est imagé. D’après[1].
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whenever the membrane is not flat, a purely geometrical differ-
ence !A is induced between the areas of the inner and outer
leaflets. If !A is not identical to !A0, then elastic energy is

required to make them conform. The shape–free–energy func-
tional that incorporates these two effects is

FADE"S# !
"b

2 !
S

dA$2H # C0%
2 $

"!
2

%

AD2 $!A # !A0%
2, [1]

where D is the membrane thickness," A is the membrane area, "b
and "! are known bending elastic moduli, and the integral is over
the surface S of the closed vesicle. Eq. 1 defines the so-called
area–difference–elasticity (ADE) model (13). Mechanically sta-
ble shapes of fixed area and volume correspond to constrained
energy minima. For appropriately chosen parameters, the ADE
model does exhibit discocytic shapes, which become unstable
and transform to stomatocytic shapes when !A0 is decreased,
in accordance with the bilayer-couple hypothesis. However,

"More precisely, D is the separation between the neutral surfaces of the two bilayer leaflets
and is assumed independent of bending. The neutral surface of the leaflet is the plane
about which the net bending moment caused by the stress profile vanishes.

Fig. 1. Representative shapes from the main stomatocyte–discocyte–
echinocyte sequence, including (top to bottom) stomatocyte III, II, and I;
discocyte; and echinocyte I, II, and III. (Left) Laboratory images reproduced
with permission from refs. 31 (Copyright 1956, Grune & Stratton), 32 (Copy-
right 1980, Academic Press), 33 (Copyright 1975, Biophysical Society), and 2
(Copyright 1973, Springer). (Right) Minimum-energy shapes calculated from
our model with v0 & 0.950 and !a0 of (top to bottom in percentages) '0.858,
'0.358, 0.072, 0.143, 1.717, 1.788, and 2.003 with all other parameters re-
maining fixed.

Fig. 2. A sample of observed non-main-sequence shapes, including (top to
bottom) nonaxisymmetric discocyte, stomatocyte with triangular mouth, and
knizocyte. (Left) Laboratory images reproduced with permission from refs. 27
(Copyright 1981, Biophysical Society), 32 (Copyright 1980, Academic Press),
and 2 (Copyright 1973, Springer). (Right) Minimum-energy shapes calculated
from our model with values of v0 and !a0 of 0.989 and 0.215%, 0.950 and
'0.858%, and 1.000 and 1.144% (from top to bottom) with all other param-
eters remaining fixed.
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knizocyte. (Left) Laboratory images reproduced with permission from refs. 27
(Copyright 1981, Biophysical Society), 32 (Copyright 1980, Academic Press),
and 2 (Copyright 1973, Springer). (Right) Minimum-energy shapes calculated
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FIG.: La figure (a) présente un globule rouge dont la forme est un stomatocyte. Cette
forme est un minimum de l’énergie de courbure lorsque ∆A0 < 0. La forme (b) est une
forme en echinocyte. Cette forme n’est pas un minimum de l’énergie de courbure
seule, car la forme des spicules est déterminée par les efforts élastiques du réseau de
spectrine. D’après la réference [5].
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Membranes Fluctuantes
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FIG.: On représente les fluctuations d’une membrane à différentes échelles. Un zoom
optique permet de distinguer les fluctuations de longueur d’onde de plus en plus
petites. Lorsque le grossissement du zoom n’est pas suffisant, les fluctuations des
petites échelles ne sont pas observables et les ondulations sont lissées. Augmentant le
grossissement du zoom, l’amplitude des fluctuations de longueur d’onde de plus en
plus petite apparaı̂t. On peut représenter la longueur d’onde de coupure comme le
grossissement maximum imposé par les limites du microscope mais qui ne permet pas
l’observation aux toutes petites échelles.
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(a) (b)

FIG.: Exemples d’aspiration d’une vésicule géante à l’intérieur d’une micropipette. La
différence de pression entre les deux images est passée de 410−4 dyn/cm à 0.2dyn/cm,
ce qui se traduit par une longueur de langue aspirée plus grande dans le deuxième cas
(D’après [3]).
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Introduction Un exemple :les globules rouges Introduction géométrique à la courbure Figure de Myelin (onduloı̈de) Élasticité Élasticité d’une monocouche Élasticité d’une bicouche Transition de phase et forme des vésicules Membranes fluctuantes Expérience de micropipette :aire cachée dans les fluctuations Membranes près d’une paroi :Forces d’Helfrich Membranes en adhésion Références

Principe de la mesure

pi−pm =
σ

Rp

pi−pe =
σ

Re

(16)

on trouve :

pe−pm = σ

(
1

Rp
− 1

Re

)
(17)

ce qui permet de déterminer la tension σ une fois les autres quantités
mesurées.
Le diamètre de la micro-pipette étant connu, il est aussi possible d’évaluer
l’aire de membrane (( aspirée )) par la différence de pression , car la longueur
de la langue dans la micro-pipette est connue. On a donc une mesure directe
de l’aire absorbée dans les fluctuations thermiques en fonction de la tension
de surface contrôlée par la différence de pression.
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FIG.: Mesure de la fraction de l’aire absorbée dans les fluctuation en fonction de la
tension de surface. On note que la tension est portée en échelle logarithmique. Les
deux courbes correspondent à des vésicules de composition chimique différente. Les
faibles tensions repassent les fluctuations thermiques et donnent un comportement
linéaire. Dans le régime des tensions plus importantes, la mesure sonde les propriétés
d’extension mécaniques de la membrane en faisant varier l’aire par tête polaire.
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On sait maintenant que les canaux ioniques changent les fluctuations des
membranes. Ces membranes sont dites actives car les canaux pour

fonctionner consomment de l’énergie sous la forme d’ATP et ils appliquent
des forces sur la membrane
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FIG.: Données expérimentales en échelles semi-logarithmique pour l’excès d’aire en
fonction de la tension. La courbe avec des symboles � correspond à une membrane
passive. Celle avec des symboles correspond au même système en présence d’ATP
(d’après ref. [4] )
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Comme d’habitude, les fluctuations sont décrites à partir des modes de
Fourier. Nous simulons la forme d’une vésicule en introduisant des
conditions périodiques de période L dans le plan (x,y) de référence. En deux
dimensions, les coefficients de Fourier sont définis par

h̃q =
∫

d2xh(x,y)exp [−iq.r] (18)

et
h(x,y) =

1
L2 ∑

q
h̃q exp [iq.r]≈ 1

(2π)2

∫
d2q h̃q exp iq.r (19)
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ce qui redonne bien

h(x,y) = ∑
q′

1
L2

∫
d2r exp

[
i
(
q.r−q′.r

)]

︸ ︷︷ ︸
L2δq−q′ ,0

h(u,v) = h(x,y) (20)

Les longueurs d’onde associées aux fluctuations ne peuvent être
arbitrairement petite, car l’épaisseur de la membrane impose un (( cut-off )) a
en-deçà duquel l’élasticité de flexion n’est pas valable. La première zone de
Brilloin sera alors définie comme la couronne sphérique

2π

L
≤ |q| ≤ 2π

a
(21)
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P(h̃q) = Aq exp

[
−q2 (σ +κq2)

L2kBT

]
(22)

où Aq est une constante de normalisation calculée à partir de la condition
∫

dh̃qP
(
h̃q
)
= 1 (23)

Donc, fluctuations des modes dominées par la flexion si

q >
√

σ

κ
(24)

i.e. presque toujours le cas pour une vésicule.
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Introduction Un exemple :les globules rouges Introduction géométrique à la courbure Figure de Myelin (onduloı̈de) Élasticité Élasticité d’une monocouche Élasticité d’une bicouche Transition de phase et forme des vésicules Membranes fluctuantes Expérience de micropipette :aire cachée dans les fluctuations Membranes près d’une paroi :Forces d’Helfrich Membranes en adhésion Références

Membranes près d’une paroi : Forces d’Helfrich
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(a) (b)

FIG.: Une membrane fluctuante est caractérisée par des fluctuations transverses de
taille D et distantes de L‖. Prise en sandwich entre deux parois distantes de D, chaque
excursion transverse de taille D entre en collision avec les parois et peut être vu comme
un degré de liberté. L’effet des parois est de diminuer l’entropie de fluctuations de la
membrane, ce qui se traduit par une pression entropique effective qui tend à repousser
les parois.
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Résultat La force est répulsive :

V(D) =
(kBT)2

16π2κD2 (25)

de même ordre de grandeur que les forces de VdW qui sont elles attractives

VVdW =−
AH
d2 (26)

Par définiton, AH est la constante de Hamacker.
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Comment une cellule palpe son substrat : les premiers instants d’une
rencontre[6]

33

A Pierres !"#$%##################################################################################################################&!%%#'(""()*#"+#$,-!.(/!#.01'$2!.

nanonewton range were often needed to separate bound
cells from other cells (Bongrand!"#$%., 1979; Bongrand
and Golstein, 1983) or surfaces (Palecek !"#$%., 1997). The
formation of additional bonds will require an extension of
the contact area, which may in principle involve two com-
plementary processes: i) cell flattening at the micrometer
level, resembling the flattening of a liquid droplet on a
wettable surface, a process that is called spreading by physi-
cal-chemists, but that is quite different from cell spreading
as defined by cell biologists (Fig. 2 C, D). This process
will generate additional contact zones. And ii) enlargement
of initial contact areas at the submicrometer level (Fig. 2
E, F) through alignment (Dustin !"#$%., 1997) of the cell
membrane to neighbouring surface as required to allow
the formation of molecular bonds by adhesion receptors
whose typical length ranges between 10 and 40 nm
(Springer, 1990). Attachment strengthening will be com-
pleted by a concentration of adhesion molecules in contact
areas (Kupfer and Singer, 1989; André !"#$%., 1990), and a
reinforcement of cytoskeletal elements below the plasma
membrane, thus increasing membrane rigidity which may
be an important determinant of binding strength (Rees !"
$%., 1977).
!"#$%&'($)*$++)#,-,+,.'*/+)0$,0./%'1/#',%)may occur as
a facultative consequence of adhesion, during the tens of
minutes, hours or even days following contact. This phe-
nomenon is defined as spreading by cell biologists, and
includes the sending of lamellipodia and acquisition of
polarized shape by cells (Fig 2 G, H).

In the present review, "spreading" will refer to active
cell spreading, whereas "flattening" will refer to aforemen-
tioned micrometer-scale deformation, and membrane
"alignment" will be used to designate subnanometer-scale
apposition of cell membranes to adhesive surfaces. Both
"flattening" and "alignment" are part of the "fitting" proc-
ess (Fig. 2).

Many experiments have demonstrated the feasibility
of discriminating between adhesion and spreading, by ma-
nipulating cell metabolism or adhesive surfaces: Thus,
galactosyl groups were required for spreading, not adhe-
sion of melanoma cells deposited on laminin-coated sur-
faces (Runyan !"#$%., 1988). Chelating intracellular calcium
inhibited spreading, not adhesion of human monocytes
(Lefkowitz !"#$%., 1992), while an artificial rise of intracel-
lular calcium triggered the spreading of adherent
neutrophils (Pettit and Hallett, 1998). The spreading of Hela
cells adhering to collagen-coated surfaces was prevented
by inhibiting a rise of intracellular pH that was involved in
phospholipase activation (Chun, 1995). Also, adhesion and
spreading display different kinetics, since cell adhesion may
happen within a fraction of a second (Lawrence and
Springer, 1991) while spreading often requires tens of min-
utes (Grinnell !"#$%., 1976), hours or days.

It is therefore warranted to discriminate between fit-
ting (a prerequisite for strong adhesion) and spreading, and
there is no substantial reason for hypothesizing that simi-
lar mechanisms are involved in both phenomena.

2'3)/%4)&*,-$),5)#6$)0$('$7

The aim of the present review is to present current
knowledge concerning the regulation of cell fitting to ad-

hesive surfaces. First, we shall briefly discuss experimen-
tal approaches that are currently available to quantify cell-
surface contacts. Second, we shall review our present un-
derstanding of the parameters responsible for the equilib-
rium topography of these contacts. Third, we shall discuss
the kinetic mechanisms of contact extension. Indeed, al-
though the discrimination between static and dynamic as-
pects is not fully warranted on theoretical grounds, this
discrimination was felt to clarify data presentation.

8$#6,4&)5,0)9#:4;'%.)246$&',%<=$+/#$4)>$++

?$5,03/#',%&

>,%($%#',%/+),-#'*/+)3'*0,&*,-;

Cell morphological changes involved in spreading are so
clearcut that the detection of spread cells was found obvi-
ous by many authors: thus, spreading was defined as a loss
of rounded aspect (Runyan !"#$%., 1988; Yoshimura !"#$%.,
1995; Yu !"#$%., 1998). In many cases, spreading was de-
fined more quantitatively by measuring the projected area
of adherent cells (Li !"#$%., 1996; Cox !"#$%., 1999; Watson
!"#$%., 2001): spreading resulted in 3-4 fold increase of this
area. Additional properties reported to define spread cells
are particular patterns of microfilaments revealed by
labeling with fluorescent phalloidin derivatives (Masiero
!"#$%., 1999) or dull aspect on observation with phase con-
trast microscopy (Yu !"#$%., 1998).
!+$*#0,%)3'*0,&*,-;

Electron microscopy has long been used to observe the
region of interaction between biological surfaces. This al-
lowed the delineation of regions of apparent contact where
plasma membranes were separated by an electron-light gap
of constant width, on the order of 20 nanometers (Easty
and Mercer, 1962; Heaysman and Pegrum, 1973). This was
indeed the basis of the definition by Bennett (1963) of the
so-called glycocalyx, i.e. a polysaccharide-rich structure
coating the lipoprotein core of plasma membranes and that
was supposed to impede molecular contact between ap-

Figure 2: Simple interpretation of interference reflec-
tion contrast. Contrast results from the interference
between I1 and I2.
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attachment to fibronectin (24). High fluorescence levels
were observed in cell-surface contact areas (not shown),
but more extensive investigations are required to deter-
mine whether the surface density of integrins increased
during contact maturation.

Second, we labeled CD43, which is a bulky membrane
molecule that is highly abundant on leukocyte mem-
branes and that is supposed to impair adhesive inter-
actions (30,31). Interestingly, as exemplified in Fig. 8,
decrease of cell-to-substrate distance was associated
with a concomitant egress of CD43 molecules.

Third, THP-1 cells were transfected with fluorescent actin
and deposited on fibronectin-coated surfaces. Contact
formation was very similar to processes described
above, suggesting that transfection did not markedly
alter THP-1 cell properties. The fluorescence distribu-
tion was then monitored together with IRM contacts. As
exemplified in Fig. 9, in addition to bulk fluorescence,
cells displayed localized fluorescence patches that
seemed to appear a few tens of seconds before the
formation or extension of contact zones.

Metabolic inhibitors influence contact extension

Whereas it is well known that soft vesicles can display
thermally driven surface fluctuations and the formation of
extensive contacts with adhesive surfaces, it was important to
determine the extent to which cell behavior was influenced by
active processes dependent on biochemical events. This
question was addressed as follows:

i). Stiffening cell surface with paraformaldehyde abol-
ished contact formation and adhesion.

ii). Interestingly, treating cells with moderate concentra-
tions of cytochalasin D (10 mg/ml) resulted in signif-
icant decrease of the rate of contact extension;
smoothening of the two-dimensional contours of con-
tact surfaces, which make them more alike contact
zones formed with artificial vesicles (11,24); and
increase of membrane undulations in membrane zones
close to the adhesive surface (Fig. 10).

iii). Treating cells with a myosin inhibitor (butanedione-
monoxime) to decrease cell motility abolished adhe-
sion and contact formation.

iv). Because previous reports clearly demonstrated a role
of intracellular calcium changes in cell spreading
(32,33), we investigated whether intracellular calcium
level influenced THP-1 cell fitting to adhesive surfaces.
In preliminary experiments, cells were labeled with
fluo-3, a fluorescent calcium probe, before deposition
on fibronectin-coated surfaces and monitoring with
IRM. Whereas many cells displayed elevated calcium,
no clear relationship was found between intracellular
calcium and rate of contact growth (not shown).

FIGURE 7 Quantitative description of cell membrane transverse fluctu-

ations during contact extension. (A) A representative cell imaged with

;1 Hz frequency during contact formation. The squared displacement per
pixel was plotted versus time after subtracting the overall displacement

(corresponding to decrease of average cell-to-surface distance). The plot is

fairly linear. Correlation coefficient is 0.991. (B) Lifetime of membrane

undulations: the time dependence of correlation between two sequential
membrane maps (h) on a typical cell reveals 50% decrease of correlation

during ;8 s. Crosses represent displacements of a given membrane point

reveal no detectable temporal correlation, suggesting that membrane

deformations are driven by random movements with higher that 1 Hz
frequency (in line with Fig. 3 B). (C) Dependence of the amplitude of

vertical membrane displacements (as imaged in Fig. 6 C) on distance to

the adhesive surface. Squares represent onset of contact. Crosses represent
130 s after contact initiation. D shows correlation length of cell contour.

Both membrane images (h) and local displacements during a 2.7 s interval

(crosses) display marked spatial correlation with a 50% decrease at 1 mm
separation.

FIGURE 8 Leukosialin redistribution during contact for-

mation.Monocytic THP-1 cells were labeled with fluorescent

anti-CD43/leukosialin before deposition on fibronectin-

coated surfaces. Fluorescence and IRM images were then
recorded at regular intervals. During the first minute, the

separation between the cell membrane and the adhesive

surface is nearly always .35 nm (A), and CD43 is clearly

visible on the whole surface, with local concentration
(B, [). A total of 60 s later, cell-surface distance decreased

by at least 20 nm (C, [) and CD43 depletion is clearly

visible in the whole cell surface and, particularly, in the new
contact zone (D).

6 Pierres et al.
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On note l’augmentation des fluctuations à courtes distances : les
fluctuations sont actives

Ma
ste

r P
ro
ofThe requirement for fluid drainage from the

cell-surface gap does not seem to be a limiting
parameter for contact extension

In several situations of physical interest (e.g., aquaplaning)
adhesion between surfaces may be hampered by intervening
liquid film. The possibility that this might influence contact
extension was investigated by monitoring contact extension
in highly viscous Ficoll solution. However, no significant
decrease of contact extension was found when the medium
viscosity was increased threefold (not shown).

DISCUSSION

Although cell attachment to adhesive surfaces and sub-
sequent deformation and spreading were subjected to con-
siderable scrutiny, little information is available on the
mechanisms allowing transverse nanometer-scale adaptation
of interacting surfaces. However, in view of the known
roughness of cell membranes and the length of adhesion
molecules, this fitting process seems an obvious requirement
for the formation of more than a few adhesive bonds. This
point is important, because previous studies performed on the
strength of cell adhesion suggested that the minimal number
of bonds required to account for experimental properties of
cell adhesion was on the order of about at least 1000 (34,35).
IRM/RICM was demonstrated to be a method of choice to

image the fitting of cell membranes to planar surfaces with
sufficient vertical resolution (18,19,22,26). A major advan-
tage of this technique is that it does not require any possible
artifact treatment½AQ8" . It has been well recognized that the
quantitative derivation of membrane-surface distance from
intensity measurements relies on several assumptions that are
difficult to prove (36), and the membrane-surface separation
values we obtained may not be considered as absolute values
of the distance between lipid bilayers and glass surfaces.
However, it must be emphasized that the simple procedure
we used to derive these distances is fairly robust and should
provide reliable relative values½AQ9" , as acknowledged in previous
studies (18,20,22). Indeed, cytoplasmic structures such as the

actin cortex might influence image brightness. Although our
observations of the kinetics of actin and distance map
changes suggest that actin movements were much slower
than the membrane fluctuations we described, a reliable proof
of the validity of distance determination with IRM/RICM
could only be obtained by comparing images obtained with
different techniques. We are currently combining total in-
ternal reflection fluorescence microscopy and fluorescence
labeling to achieve this goal.
Several important conclusions may be drawn from our

experiments. First, in addition to the mere confirmation of
previous reports demonstrating the occurrence of transverse
fluctuations of nucleated cell membranes (16–18), our results
provide some new information on these fluctuations. The
tentative view of these fluctuations as transverse motions of
micrometer-size blocks with an effective diffusion coefficient
of a few nm2/s may be useful to model these movements.

FIGURE 9 Actin redistribution during contact forma-

tion. Monocytic THP-1 cells were transfected with GFP

before being deposited on fibronectin-coated surfaces, and
contact regions were analyzed with IRM and fluorescence.

Two representative sets of images (A–D and E–H) are

shown. (A) Visible light image of a standard cell (with usual

roundish appearance preceding spreading). B and D display
contact growth during a 90 s period of time. On the

fluorescence image (C), actin appears distributed through-

out the whole cell, with local bright patches ([) that were
associated with, and seemed to precede, contact. (E–H) A
similar behavior was observed several minutes after initial

contact, on a markedly polarized cell.

FIGURE 10 Effect of cytochalasin D on membrane fluctuations near a

surface. Seven control cells (h) and eight cytochalasin D-treated cells (1)

were monitored for determination of membrane topographical and fluctua-

tion maps. The standard deviation of membrane height, representing a
fluctuation amplitude, was determined on separate groups of point with

common distance to the surface. Cytochalasin treatment did not substantially

influence fluctuations at 60–80 nm separation, but this seemed to increase
fluctuations for smaller distances (the difference was significant for 50 nm

separation with Student’s t-test).

Cell Membrane Fitting to Adhesive Surfaces 7
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