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ABSTRACT Many approaches have been developed to characterize the heterogeneity of membranes in living cells. In this
study, the elastic properties of specific membrane domains in living cells are characterized by atomic force microscopy. Our
data reveal the existence of heterogeneous nanometric scale domains with specific biophysical properties. We focused on
glycosylphosphatidylinositol (GPI)-anchored proteins, which play an important role in membrane trafficking and cell signaling
under both physiological and pathological conditions and which are known to partition preferentially into cholesterol-rich
microdomains. We demonstrate that these GPI-anchored proteins reside within domains that are stiffer than the surrounding
membrane. In contrast, membrane domains containing the transferrin receptor, which does not associate with cholesterol-rich
regions, manifest no such feature. The heightened stiffness of GPI domains is consistent with existing data relating to the
specific condensation of lipids and the slow diffusion rates of lipids and proteins therein. Our quantitative data may forge the way
to unveiling the links that exist between membrane stiffness, molecular diffusion, and signaling activation.

INTRODUCTION

The definition of heterogeneous plasma membrane compart-

ments can influence our conception of many fundamental cell

surface associated phenomena such as adhesion, the interac-

tion of receptors with ligands, and susceptibility to infection.

The property of the membrane adhesiveness is crucial for cell

motility, cell-cell and cell-substratum contacts, the binding of

ligands, and the invasion of pathogens. It depends on three

parameters: the presence of lipids and proteins that interact

with extracellular molecules, the subcortical cytoskeleton,

and the intrinsic elastic properties of the plasma membrane.

The first two parameters have been extensively studied using

many biochemical and biophysical approaches. These ap-

proaches have been directed toward elucidating the diffusion

kinetics of proteins and lipids within the bilayer and the im-

pact of cytoskeletal dynamics thereupon (1). The third param-

eter can be analyzed with the highest resolution by atomic force

microscopy (AFM) (2–4).

It has long been debated whether subcompartmentalization

of the plasma membrane regulates the interaction of a cell

with the extracellular environment (5,6). The fluid mosaic

model proposed by Singer and Nicoloson in 1972 (7) has been

revised to include membrane domains and cytoskeletal fences

(1,8,9). The concept of membrane microdomains or lipid rafts

was first proposed by Simons and Van Meer in 1988 (10).

Within these cholesterol- and sphingolipid-enriched regions,

specific proteins, such as glycosylphosphatidylinositol (GPI)-

anchored ones and doubly acylated src-like kinases, are

known to have high residency time (6,11). The proposed role

of raft clustering in the triggering of signaling events (12) has

shed new light on the dynamics of membrane-associated

molecular assemblies. In the nervous system, these domains are

believed to be of physiological importance in cell polarization

and in the establishment and maintenance of neural network

plasticity. Indeed, raft-associated signaling has been shown to

be important for neuronal survival, for membrane polarity,

and for neuritogenesis (13–16). For instance, during the

establishment of neural networks, the interaction between the

GPI domain, ephrin A, and Ephr mediated forward signaling

and synapse formation (17). Rafts have also been implicated

in several disorders of the nervous system, for instance in

amyloidogenic processing of the Alzheimer b-amyloid pre-

cursor protein (18). The prion protein processes a GPI anchor,

which is crucial for its trafficking and hence for its pathogenic

conversion (19,20). Furthermore, several neurotoxins require

raft-associated lipid species and/or proteins for their binding

and entry (21). These include the botulinum (22), the cholera

(23), and the tetanus toxins (24). Although protein-protein

interactions occurring within these membrane domains have

been shown to be crucial in establishing the immunological

synapse (25), the mechanical properties of the rafts may

regulate the partitioning dynamics of the proteins involved in

signaling events.

GPI-anchored proteins represent a useful tool for studying

cell surface domains. The surface distribution of GPI-

anchored proteins, their diffusion rates, and their ability to

associate with specific lipid domains have been studied in

both biological and artificial membranes (1,26,27). Since

their partitioning within rafts has been proposed to trigger

activation cascades (12), these GPI-anchored proteins are
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often used as a model to study signaling ‘‘platforms’’, namely,

the stimulation-evoked clustering of signaling molecules

(12). However, the mechanical properties of the membrane

domain into which they are anchored are largely unknown. To

establish whether a link exists between the functional role of

GPI-anchored proteins and the molecular mechanism under-

lying signaling platform activation, it is necessary to better

understand the biophysical properties of the so-called GPI

domains. This information would also help us to characterize

the dynamics of the cell surface receptor and of the ion

channels mobilized during the establishment and mainte-

nance of neuronal network.

AFM (28) permits an exploration of living material at high

resolution. The instrument can image living cells (3,29,30) in a

nearphysiological state and can measure their mechanicalprop-

erties in the nanometer range (4,31–33). Using tips that have

been functionalized with proteins, AFM can be applied to

investigate protein-protein interaction forces (34–36). Recently

this facility has been used to monitor the distribution of vitro-

nectin receptor on living osteoblast membranes (37) and to map

a virulence factor (heparin-binding hemagglutinin adhesin) on

the surface of mycobacterium bacille Calmette-Guérin (38).

The instrument has also been used to image the distribution

of GPI domains in artificial membranes (for reviews, see

Lagerholm et al. (2) and Henderson et al. (39)). Notwithstand-

ing these advancements, quantitative data relating to the

stiffness of cell membranes and especially to that of membrane

microdomains are still lacking. We have recently demonstrated

that AFM can also be used to selectively probe the mechanical

properties of structures located at different depths in living cells

(40). In this study, we describe an analytical method for

estimating the relative membrane elasticity of living hippo-

campal neurones grown in primary cultures. We applied this

method to analyze the relative plasma membrane elasticity of

GPI domains in living hippocampal neurons.

MATERIALS AND METHODS

Cell culturing and drug treatment

Hippocampal neurones derived from rat embryos were prepared and

cultured as previously described (41). The cells were plated in petri dishes at

a numerical density of 2500/cm2 and were maintained in K5 medium (128

mM NaCl, 5 mM KCl, 2.7 mM CaCl2, 1 mM MgCl2, 10 mM glucose, 20

mM HEPES (pH 7.4)) at ambient temperature. Each experiment was

initiated 15 min after inserting the petri dish into the AFM. This delay was

required for the thermal equilibration of the cantilever. When required, a 5

mM solution of MeCD in K5 was prepared and introduced into the incuba-

tion chamber using a homemade setup (42) to yield a final concentration of

2.5 mM. Cytochalasin B was likewise prepared in K5 to yield a final

concentration of 5 mM.

Protein expression and tip coating

Proaerolysin and VSG117 were expressed and purified as previously

described (43). Bovine serum albumin and wheat germ agglutinin (WGA)

were purchased from Sigma (St. Louis, MO). The coating of mica plates and

cantilevers was performed using an established protocol that preserved the

functionality of the protein (36,44,45). The proteins were deposited at a

concentration of 1 mg/ml. Aerolysin was used as a monomer.

AFM measurements and data processing

All experiments were performed at ambient temperature using a commercial

stand-alone AFM (Bioscope, Veeco Instruments, Santa Barbara, CA), which

was combined with an inverted optical microscope (Axiovert 200; Zeiss,

Jena, Germany). We used a Veeco AFM cantilever with a nominal spring

constant of 0.06 N/m and a nominal tip radius of curvature of 20 nm. The

spring constant of the cantilever was determined using Veeco’s calibration

tools. The AFM was operated in the force-volume mode at a scanning

frequency of 7 Hz. Using this operation mode, the tip periodically indents

the sample during a scan. Hence, for each pixel that comprises an AFM

image, the microscope sequentially records the deformation of the cantilever

during a downward (extension) and an upward (retraction) movement of the

tip. When the tip contacts the cell membrane, it deforms it by a 50-nm

deflection of the cantilever. During the retraction part of the cycle, when the

tip leaves the membrane, the maximal displacement was set at ;1 mm above

the cell. When such a cycle has been completed, the tip moves laterally to the

next pixel to begin a new one. Owing to the considerable size of the data files

(57 MB/files) generated by these measurements, the data were analyzed and

statistically processed using our own software (developed under MATLAB

7.0; The MathWorks, Natick, MA) in conjunction with a GNU/Linux

operating system. The software scanned each approach and retraction curve

to compute Young’s modulus. Binding-unbinding events on the retraction

curve were detected according to their shape and size (Fig. 1 B) using a fuzzy

logic algorithm (46). Young’s modulus was computed using the Hertz model

(47), which describes a sphere indenting a soft material (48). This model was

applied to only a portion of the approach curve between the point of contact

and the indentation to a depth of 50 nm. The point of contact between the

AFM tip and the cell membrane was detected by the cantilever deflection

according to the noise defined in the off contact part of the curve. In other

words, we defined the contact as the spot on the force curve at which the

vertical deflection of the cantilever overcomes the noise of the cantilever.

For the Er calculation, adjacent pixels to the pixel in which a binding-

unbinding event occurred were rejected when corresponding to substrate.

Each experiment was performed at least five times. Statistical significances

were evaluated using a two-tailed t-test.

RESULTS

Detection of GPI domains

For these experiments, fully mature (stage V) hippocampal

neurones were used (49). The presence of GPI-anchored pro-

teins within all neuronal compartments, viz., axons, soma,

and dendrites, was established by fluorescence microscopy

(see Supplementary Fig. S1). For the AFM analysis, we con-

sidered only neurites with a constant diameter of ;1 mm

(determined using an inverted optical microscope that was

located beneath the AFM and using the AFM image

(Bioscope I, Veeco)). The surfaces of the living cells were

explored using the AFM in the force-volume imaging mode

and in conjunction with tips coated with a GPI-anchor pro-

tein specific binding bacterial toxin aerolysin from Aeromonas
hydrophila (Fig. 1 A). In this mode, the AFM successively

records force-distance curves over the entire sample. When

the aerolysin molecules interacted with proteins in the

membrane, the cantilever was deflected during the retraction
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part of the force-distance curve. We refer to this slight, but

characteristic movement of the cantilever as a binding-

unbinding event. It indicates the presence of a ‘‘GPI domain’’

beneath the tip (Fig. 1 B).

Specific binding-unbinding events were common for tips

functionalized with wild-type aerolysin but scarce for those

coated with a binding-impaired mutant (M41C, Fig. 1 C),

which forms disulphide-linked dimers (50). The latter find-

ing also confirmed the absence of nonspecific binding asso-

ciated with the coating procedure. As a further control, we

determined whether the binding capacity of the aerolysin-

coated tip was influenced during the course of neurite scan-

ning (Supplementary Fig. S2).

Illustration of the methodology as applied to a
single cell

Young’s modulus was calculated by fitting the indentation

curves obtained from the force-volume files to the Hertz

model (see Materials and Methods). At zero force, topo-

graphic data (i.e., the three-dimensional image of the sample)

were obtained by reading the piezzo z-position at the point of

contact. Using our own software, the topographic data were

combined with those pertaining to the absolute stiffness (see

below) and to the position of the binding-unbinding events to

yield images such as those depicted in Fig. 2 A. The mem-

brane Young’s modulii are shown in ‘‘false’’ colors, which

are mapped on the cell surface topography in area units

2 mm 3 2 mm with a resolution of 32 3 32 pixels. Pixels

embracing a binding-unbinding event were considered ‘‘GPI

domains’’ and are labeled with red arrows.

Fig. 2 B illustrates the pixels that were taken into con-

sideration for the computation. Red stars indicate the regions

in which binding-unbinding events occurred, which are referred

to as GPI domains. Blue stars represent the surrounding region

at distances of one, two, and three pixels from the GPI domain.

In Fig. 2, C and D, the mean stiffness values for the GPI

domain (Fig. 2 C) and the three surrounding pixel regions are

represented as a function of time. These data reveal no dif-

ference between the average stiffness of GPI domains (Fig. 2

C) and that of the surrounding membrane (Fig. 2 D). This

finding reflects large-scale variations in cell stiffness, which

result from local differences in topography (membranes

appear stiffer near the periphery than close to the center of

the cell) and organellar content and from the absence or

presence of cytoskeletal filaments. To minimize these influ-

ences, we decided to consider only relative stiffness. This

parameter was determined by dividing the absolute stiffness

of each GPI domain (red star) by the stiffness of the sur-

rounding membrane at distances of one, two, and three pixels

(blue stars); i.e., for instance, at one pixel distance apart, the

absolute stiffness of each GPI domain (red star) was divided

by the mean of the absolute stiffness of the two pixels along

the x axis immediately apposed (blue stars).

This type of measurement, therefore, only tells us to what

extent a GPI domain is stiffer or softer than the membrane

located around it. Considering the relative stiffness of the

GPI domain instead of its absolute value has the advantage

that there is no need to follow a specific domain from scan to

scan. The physical properties are extracted from the statis-

tical behavior of the whole GPI domains of the scan frame,

and this ensemble can be used to determine the evolution of

their properties as a function of time or as a function of

chemicals, which could be added during the experiment.

In addition, relative stiffness values can be directly com-

pared and statistically processed independent of the loca-

tion, the cell, and the moment when the measurement is

accomplished.

FIGURE 1 Binding specificity and distribution of binding events between

aerolysin-functionalized tip and GPI domains. (A) Experimental setup

describing the tip coated either with the aerolysin wild-type (Aero WT),

which binds GPI domains on the cell membrane, or with the mutant M41C,

which does not bind to GPI domains. (B) Force-distance curves examples.

Force-distance curves recorded neurites with binding-unbinding events

highlighted in red. (C) Number of binding-unbinding events/force curves

with aerolysin (Aero WT)-coated tip and with the non-GPI domain binding

mutant Aero M41C-coated tip tested on hippocampal neurones. The number

of force curves (FC) analyzed is indicated. Data are mean 6 SE; asterisk,

p , 0.03, two-tailed t-test.
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It is also well known that several cellular structures

influence the mechanical properties of a cell (cytoskeleton,

organelle, etc.). By indenting a cell with an AFM tip and by

fitting the resulting indentation curve with the Hertz model,

one integrates the mechanical contribution of the different

structures present under the cell membrane. The resulting

value therefore reflects the global mechanical contribution of

all the actors and hides the particular role of the cell mem-

brane, for example. To avoid interference with cellular struc-

tures located deep in the cell, we considered (i.e., we fitted

with the Hertz model) only the first 50 nm of the indentation

curve after the point of contact. This approach has recently

been validated on the components of the cytoskeleton by

Kasas and colleagues (40).

An additional difficulty with this type of measurement

comes from the fact that membrane proteins and GPI do-

mains move in the plane of the cell membrane and that,

unfortunately, most of the currently available AFMs have a

low scanning speed. We therefore compared only the stiff-

ness of a GPI domain with the membrane located along the

fast scan axis of the image (i.e., to the left and the right of

the GPI domain in our images). This procedure reduces the

number of reference measurements (pixels located around a

GPI domain along the x axis but not the y axis) but increases

the temporal resolution. With this compromise, the time

required to measure GPI domain stiffness and its two

surrounding reference points becomes reasonably short (420

ms at one pixel distance apart).

The measurement of the mechanical properties of the GPI

domains is expressed on a relative stiffness scale: a value

below 100 indicates that the pixel of interest is softer than the

surrounding one; a value above 100 indicates that it is stiffer.

In Fig. 2 E, the mean relative stiffness of all binding-

unbinding events (Er(GPI)) is depicted as a function of time.

The green, blue, and red curves represent the stiffness of the

GPI domains relative to that of the surrounding membrane at

distances of one, two, and three pixels, respectively. This

type of processing discloses only local changes in stiffness.

The data reveal GPI domains to be stiffer than the surround-

ing membrane. The average relative stiffness values (Er(GPI))

are depicted as a column in Fig. 2 F using the same color

codes. In this single-cell experiment, the GPI domains were

on average 40% stiffer than the surrounding membrane at a

distance of one pixel (Fig. 2 F: green bar). This value reflects

the statistical properties of the entire population of GPI

domains within the analyzed scan frame; it does not cor-

respond to the Er of a single GPI domain. Henceforth, all

data are expressed as average values for several independent

experiments (i.e., several independent cells).

The last step in the measurement of the mechanical prop-

erties of the GPI domains’ stiffness consisted in the setup of

different types of control experiments. The aim of these controls

FIGURE 2 Young’s modulus (E) measurements on a

single neurite and determination of the relative Young’s

modulus (Er) of GPI domains. (A) Rotation series of three-

dimensional reconstructed images showing the stiffness

(expressed in Pascal (Pa) according to a false color scale)

mapped on the topography. Red arrows indicate the

location of GPI domains (specific events). (B) Topography

(A, top view, false colors) with red stars indicating GPI domains

and blue stars indicating the immediately surrounding

membranes at one, two, and three pixel distances apart. (C)

Absolute stiffness evolution of the GPI domains shown as

a function of time (E(GPI)). (D) Absolute stiffness values of

the surrounding membrane (E(s.mb)) at one, two, and three

pixels (green, blue, and red, respectively). (E) Relative

stiffness of GPI domains (Er(GPI)) in percentage. For each

binding-unbinding event, the Er(GPI) (red star in B) was

calculated by dividing the E(GPI) by the mean of the E(s.mb)

(blue stars in B) for the corresponding GPI domain at one,

two, and three pixels apart (green, blue, and red, respec-

tively). The mean of all the Er(GPI) was calculated and

reported on the graph (12–30 values/time point). Data are

mean 6 SE. The means over the 25 min are indicated by

dotted lines and reported on the histogram (F) together

with the mean 6 SE.
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was to verify that 1) the stiffness measurements were specific

to the GPI domains, 2) the stiffness measurements were not

influenced by the structures located underneath the mem-

brane (cytoskeleton), 3) the presence of a protein attached to

the tip that interacts with another protein located in the

membrane does not influence the stiffness values obtained by

our technique, 4) our measurements are also valid on a dif-

ferent cell line, and 5) the diffusion of the GPI domain pro-

teins does not influence the measurements.

The fate of GPI domains after cholesterol extraction

GPI domains are known to be enriched in cholesterol, the

extraction of which from the cell membrane induces their

disruption. This event can be used to gauge the mechanical

properties of the GPI domain in the AFM. We therefore

applied the cholesterol-extracting drug, methyl-b-cyclodextrin

(MeCD), to living neurones during time-lapse AFM mea-

surements. MeCD has been used to study lipid rafts in living

hippocampal neurones (14,51). Using this model, 40%–56%

of the cholesterol was extracted using an MeCD concentration

in the range 1–10 mM (23,52). In preliminary experiments,

observation in the AFM revealed some shrinkage of neurites

using an MeCD concentration of 5 mM. At 2.5 mM, no such

effect was observed. Hence, we opted for the lower dose.

The Er(GPI) was monitored for 30 min after injecting

medium alone (K5) and for 50 min after injecting MeCD into

the cell chamber (Fig. 3 A, GPI domain). These graphs were

obtained by averaging five experiments (i.e., five different

cells). Intact GPI domains were stiffer than the surrounding

FIGURE 3 MeCD effect on the GPI domain relative stiffness. (A) Er(GPI) (GPI domain, inset: black squares) indicated in percentage and plotted as function

of time before and after 2.5 mM MeCD injection. Er(GPI) are shown at one, two, and three pixels apart (inset: gray squares). The dotted line refers to the mean

of Er(GPI) for the time periods (�30, �5) and (10–45) min. (B) Er(Rand) of randomly chosen pixels containing no detected GPI domains plotted as in A. (C)

Histograms of the means of the Er(GPI) (GPI domain) and of the Er(GPI) after MeCD treatment (disrupted GPI domain) corresponding to the Er(GPI) over the

(�30,�5) and (10–45) min periods shown in A, respectively, and of the Er(Rand) (random) shown in B. Five independent experiments were analyzed. Error bars

indicate mean 6 SE. (D) Mean of the total number of binding-unbinding events recorded with aerolysin-coated tips as a function of time. The means of the total

number of binding events before and after MeCD injection are reported on the histogram. p . 0.03. (E) Mean of the number of binding events per positive pixel

(i.e., in which binding-unbinding events occurred) as a function of time. The means of the number of binding-unbinding events per positive pixel before and

after MeCD injection are reported on the histogram. Notice that for most pixels in which binding-unbinding events were detected only one specific event

occurred. p . 0.03. Five independent experiments were analyzed. Error bars indicate mean 6 SE.
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membrane at a distance of one pixel (p , 0.03; n ¼ 5). The

injection of incubation medium (�30 min) had no influence

on these relative stiffness values (no statistical difference was

found when comparing Er(GPI) values before and after inject-

ing the K5 medium over 30 min of recording (Ncells¼ 5, p .

0.03, t-test)). After treatment with MeCD, the stiffness of the

GPI domains decreased to the same value recorded for the rest

of the membrane (Fig. 2 A).

As an additional control, the GPI domains’ relative stiff-

ness, Er(GPI), was compared with the relative stiffness Er of

randomly selected spots on the membrane (Er(Rand), Fig. 3 B,

(random)). During analysis, GPI domains (i.e., spots with

interactions) were excluded from the randomly selected data

set. Compared with these randomly selected spots, GPI do-

mains were found significantly stiffer at one pixel apart (;35%

stiffer on average with Ncells ¼ 5, p , 0.03, t-test) before

MeCD treatment, (Fig. 3, A and C; Table 1). It should be noted

that this value is consistent with the data shown in Fig. 2,

which pertain to only a single cell. Importantly, treatment with

MeCD elicited change neither in the total number of binding-

unbinding events recorded (Fig. 3 D) nor in the number of

events per positive force curve (Fig. 3 E).

Stiffness and size of the GPI domains

The size of raft domains is still debated (1,5,8,53). The data

gleaned from our observations with the AFM revealed a

significant change in Er between the GPI domains and the

neighboring membrane at a distance of one pixel. Hence, the

size of the GPI domain must be less than one pixel, i.e., ;70

nm in diameter; using a tip radius of 20 nm and a side angle of

35�, an indentation of 50 nm corresponds to a membranous

domain ;70 nm in diameter. This value is in good agreement

with the proposed sizes for GPI domains (see Discussion).

Influence of the cytoskeleton on the stiffness of the
GPI domains

The cellular membrane is underlain by a cortical network of

actin, which is separated from the inner leaflet by a distance

of a few nanometers (54). High-speed video microscopy has

revealed lipids and proteins to diffuse within 100–200-nm

diameter domains and to move from one domain to another.

These domains were proposed to be delineated by an actin

fence (1). The spatial and temporal resolution of our

instrument did not permit us to confirm or refute this pro-

posal. Nevertheless, we wished to assess the influence of the

actin cytoskeleton on measurements of Er(GPI). To this end,

we treated hippocampal neurones with cytochalasin B (5

mM), which depolymerizes the actin cytoskeleton. Treat-

ment with cytochalasin B influenced neither the number of

binding-unbinding events detected nor the number of events

per positive curve (p . 0.03; Ncells ¼ 5, data not presented).

Remarkably, no difference in Er(GPI) was observed before

and after actin depolymerization (p . 0.03 at a distance of

one, two, and three pixels; Ncells ¼ 5 (Fig. 4 A)). Even 30–90

min after treatment with cytochalasin B, the Er value was

higher in GPI domains than in randomly selected control

regions of the membrane (p , 0.03 at a distance of one, two,

and three pixels; Ncells ¼ 5; Fig. 4, A and B; Table 1). These

data indicate not that the differences observed on GPI-

anchored protein spots were exclusively the result of changes

in the cytoskeleton but that our measurements also reflect the

mechanical properties of the membrane itself. As can be seen

in Fig. 4 C, after treatment with cytochalasin B, the dif-

ference between Er(GPI) and Er(rand) was less at a distance of

one pixel than at two or three pixels (see Discussion).

To verify the effect of the cytochalasin on the absolute

stiffness of the cell, Young’s modulus of the cell compart-

ment located within the scan frame was calculated. A sta-

tistically significant difference in this parameter was revealed

with cytochalasin (p , 0.03; Ncells ¼ 5), thereby demon-

strating the actin cytoskeleton disrupting effect of the drug

(Fig. 4 D).

This result shows that fitting only the very beginning of

the indentation curve with the Hertz model is not enough to

get rid of the actin cytoskeleton contribution. However, con-

sidering the relative stiffness instead of the absolute one per-

mits us to detect differences in the membrane stiffness only.

Relative elasticity of the membrane near
non-GPI-anchored proteins

It can be speculated that measurements of cell membrane

stiffness are influenced by the interaction between proteins

present on the tip and those located within the cell mem-

brane. To refute the existence of this phenomenon, the tip

was coated with an antibody against the transferrin receptor

(TfR), which is documented to reside in non-GPI domains

(6). These experiments revealed no differences between the

Er values for TfR-containing domains and randomly selected

TABLE 1 Statistical analysis after drug treatment

At

1 pixel

At

2 pixels

At

3 pixels

MeCD treatment

(2.5 mM)

Event K5 (�30 to �5)

versus Event MeCD

(10–45)

p , 0.03 p , 0.03 p , 0.03

Event K5 (�30 to �5)

versus random

p , 0.03 p , 0.03 p , 0.03

Event MeCD (10–45)

versus random

NS NS NS

Cytochalasin

B treatment (5 mM)

Event before

versus after (30–90)

NS NS NS

Event after versus

random (30–90)

p , 0.03 p , 0.03 p , 0.03

‘‘Event K5’’ corresponds to the injection of medium. Time intervals (in

minutes) are indicated in parentheses. p-values were analyzed using the

two-tailed t-test. NS, not significant.
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control ones (Fig. 5). As a further control, we conducted

measurements on neurones using tips functionalized with

WGA. This protein binds sialic acid residues, which are

homogeneously distributed on cell membranes. The Er values

obtained for WGA-mediated binding-unbinding events were

similar to those registered in randomly selected control re-

gions at distances of one, two, and three pixels (Fig. 5).

Hence, the greater stiffness of GPI domains compared to the

surrounding regions of the membrane is apparently specific

for this class of protein.

Cell line dependence

To exclude the peculiar behavior of hippocampal neurones,

we repeated the same experiment with the 293T cell line

derived from primary cultures of human embryonic kidney

cells. Here again, we noticed that the GPI domains were

stiffer and that a similar stiffness drop occurred after cho-

lesterol extraction (Supplementary Fig. S3). The use of

aerolysin offered the advantage of analyzing GPI-anchored

proteins without discriminating any specific protein. How-

ever, to test whether similar results could indeed be obtained

with a specific protein, we overexpressed a GPI-green fluo-

rescent protein (GFP) construct in 293T cells and function-

alized the tips with an anti-GFP antibody. In this case, the

GPI-GFP domain had no significant difference in stiffness

with the surrounding membrane at one pixel apart, which

could be explained by the oligomerization of the construct.

However, the GPI-GFP membrane domain appeared clearly

stiffer than the surrounding membrane at two and three

pixels apart (Supplementary Fig. S3).

Furthermore, after overexpression of the GPI-GFP con-

struct by transient transfection in HeLa cells, we found again

heightened values for theGPI domain versus the surrounding

membrane when probing cells with aerolysin-functionalized

tips (Supplementary Fig. S4).

After treatment with MeCD, the stiffness of the GPI

domains decreased to the same value as that recorded for the

rest of the membrane of neurones (Fig. 3 A) and of 293T and

HeLa cells (Supplementary Figs. S3 and S4).

Influence of protein diffusion

It is very important to note that there are two timescales

involved in the experiments. One is the time (5 min) required

to take a full 2 3 2 micron size AFM image. The other

FIGURE 4 Actin depolymerization

effects on the GPI domain relative

stiffness and absolute membrane stiff-

ness. (A) Er(GPI) (GPI domain, inset: black
squares) indicated in percentage and

plotted as a function of time before and

after cytochalasin B treatment (5 mM).

Er(GPI) are shown at one, two, and three

pixels apart (inset: gray squares). The

dotted line refers to the mean of Er(GPI)

for the time period (�30,�5) and (30, 90)

min. (B) Er(RanI) of randomly chosen

pixels containing no detected GPI do-

mains plotted as in A. (C) Histograms of

the means of the Er(GPI) before (GPI

domain) and after cytochalasin B treat-

ment (GPI domain 1 cytochalasin)

corresponding to the Er(GPI) over

(�30,�5) and (30–90) min, respectively,

shown in A, and of the Er(Rand) shown

in B (random). (D) Absolute Young’s

modulus (absolute stiffness) of neu-

rites treated with cytochalasin B. The

average of Young’s modulus for the

pixels covering the entire neurite in the

scan frame was calculated at each time

point and then plotted as a function of

time. Between 4,636 and 5,086 force

curves were analyzed per time point

with a total of 34,492 and 63,245 force

curves analyzed for the time periods

before and after cytochalasin B treat-

ment, respectively. Time points for in-

jection of K5 and MeCD are indicated

by arrows on the plot. The means of the absolute stiffness (in arbitrary unit) before and after MeCD injection are reported on the histogram. Five

independent experiments were analyzed. Error bars indicate mean 6 SE.
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timescale (140 ms), which is the most relevant in our

experiment, relates to the time required to take one force

curve on one pixel of the image. Previous studies have

shown that clustered GPI-anchored proteins diffuse at 6 3

10�4 mm2/s, whereas nonclustered GPI-anchored proteins

diffuse more rapidly i.e., at 3.9 mm2/s (55). A relative

stiffness measurement at one pixel distance requires 420 ms

(700 ms at two and 980 ms at three pixels apart). During this

time, clustered GPI-anchored proteins can diffuse over a

surface of 2.52 3 10�4 mm2. This surface corresponds to a

circle with a 0.0179 mm diameter, whereas the AFM tip

displacement is 0.1875 mm. The diffusion rate of the

clustered GPI-anchored proteins is therefore one order of

magnitude slower than the AFM tip to which the GPI-

anchored proteins look as immobilized structures. To con-

firm this assumption, we repeated the experiments on HeLa

cells that were fixed beforehand (paraformaldehyde (4%)

treatment for 15 min at 4�C), which overexpressed GPI-GFP,

and probed the cells with aerolysin-coated tips. We obtained

similar results as for the overexpressed 293T cells. GPI

domains appeared stiffer than the surrounding membrane,

whereas treatments with MeCD before cell fixation de-

creased the relative stiffness to the same value as the sur-

rounding membrane (Supplementary Fig. S4).

DISCUSSION

In this work, we present a methodology we developed to

assess cell membrane local mechanical properties. The method

was successfully applied to living neurons and permitted us

to estimate the average GPI domain size as well as their

average mechanical properties.

GPI-anchored proteins are known to interact with aer-

olysin, which we used to coat the AFM tip. The specificity of

this interaction has been assessed by the use of a binding-

impaired mutant, which does not bind to the proteins of the

GPI domains. The experiments in which this mutant was

attached to the AFM tip gave a dramatically reduced number

of interactions as compared to those in which the wild-type of

aerolysin was used. As a second control, we also used

antibodies directed against a single protein, the GPI-GFP

chimera. The interaction’s specificity was similar to the one

obtained with the aerolysin. Using fluorescence resonance

energy transfer, Mayor et al. have shown that 20%–40% of

GPI-anchored proteins form cholesterol-dependent clusters

4–5 nm in size with at most four molecules per cluster at

resting state (53). Our detection method did not allow us to

discriminate among monomers, dimers, and clusters; this

discrimination remains extremely challenging with AFM on

living cells and will be addressed specifically in a future work.

The measurement of the mechanical properties of the GPI

domains was the major challenge of this project. The two

major difficulties we faced were the specific measurement of

the cell membrane and the large stiffness variations occurring

over the surface of living cells. The first issue was addressed

by considering only the first 50 nm of the indentation curve.

This permitted us to restrict the measurement depth to the

surface of the cell. Concerning the second issue, it is well

known that the cell stiffness changes dramatically all over the

cellular surface and that thermal drift of the instrument, creep,

or motions of the cell dramatically compromise any attempt to

measure subtle stiffness variations. We therefore did not

measure the absolute stiffness of a single GPI domain; rather

we compared its stiffness with the stiffness of the spots

located in its immediate vicinity that were not identified as

GPI domains (i.e., with no interactions). The use of relative

stiffness thus allowed us to eliminate several problems,

including those previously mentioned and others, such as the

topology of the cell, the height of the cytoplasm above the

substrate, the large-scale local stiffness variations, and the re-

quirement to follow the same domain after successive scans.

By considering the relative stiffness, it became possible to

compare and to average the different values; the data we

present here, therefore, reflect the statistical behavior of

thousands of GPI domains. For these measurements, we made

the assumption that there was no correlation between adjacent

pixels. This is based on the notion that the smallness of the tip

FIGURE 5 Comparison of the Er for GPI domains, transferrin-associated

membrane, and WGA-associated membrane. Histograms indicate the mean

of the Er calculated with aerolysin-coated tips for GPI domains, disrupted

GPI domains (i.e., MeCD treated), and cytochalasin-treated GPI domains

(data reported from Figs. 3 and 5). Means of the Er of the membrane recorded

with anti-transferrin-coated tips and WGA-coated tips are also indicated.

Means of the Er for the corresponding random controls are indicated in white

filled boxes. The three histograms represent the results obtained when

analyzing membranes located at one, two, and three pixels apart (see insets).

Five independent experiments were analyzed. Error bars indicate mean 6 SE.
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(nominal tip radius of curvature ¼ 20 nm) should not intro-

duce pixel correlation beyond one pixel distance (62.5 nm).

Pixel correlation should have led to reproducible results

independent of the treatment and the tip coating.

Another important issue is the time resolution of the

method, whose influence has been minimized by considering

only the neighboring pixels located along the microscope’s

fast scanning axis. Thus a measurement at one pixel distance

required only 420 ms per binding-unbinding event, as GPI-

anchored proteins were documented to move much slower.

To exclude the possibility that the stiffness of the GPI

domains we measured is induced by the specific interaction

between the proteins coated onto tips and those inserted into

the membrane (i.e., aerolysin and the GPI domain proteins),

we disrupted the GPI domains by using MeCD, a chemical

compound that is known to extract the cholesterol from the

membrane while leaving the GPI proteins unaffected. The

experimental results clearly show that without cholesterol,

GPI domains recover the same stiffness as the rest of the

membrane, whereas the number of interactions remained

unchanged, increasing the plausibility of our method. Our

results are also in agreement with earlier studies on the role

of cholesterol on artificial membranes’ stiffness (56).

As a further control we coated the AFM tip with anti-

bodies directed against a specific protein (GPI-GFP) of the

GPI domain (at variance with aerolysin, which interacts with

several of them) and obtained similar results. Moreover, the

experiments were repeated with AFM tips coated with anti-

TfR antibodies. TfR was chosen because it is known to be

excluded from the GPI domains. The relative stiffness of the

TfR-anti-TfR antibody interaction spots was the same as that

obtained on the randomly selected spots. This experiment

therefore demonstrated again that the stiffness increase we

previously measured on GPI domains is specific to the do-

mains and does not reflect any putative increase in the

stiffness, which would be induced by the creation of a link

between the tip and the cell membrane.

The last point that remained to be elucidated was whether

the GPI domains’ stiffness that we measured was a conse-

quence of the actin cytoskeleton filaments that are present

underneath the membrane. We therefore exposed the cells to

cytochalasin (or latrunculin, data not shown), a chemical

known to affect actin filaments. Here again, the GPI domains’

relative stiffness was higher than the rest of the membrane

whether the actin cytoskeleton was disrupted or not. The

cytochalasin action was confirmed by the fact that the

absolute stiffness of the all scan frame dropped significantly

after injection, in agreement with Rotsch and Radmacher

(57). This last point demonstrates that considering the first 50

nm of the indentation curve permits us not only to measure the

stiffness of the cell membrane (by relative measurements) but

also to apprehend the actin cytoskeleton (by absolute

measurements). It should be noted that the absolute stiffness

of the overall scanned area did not significantly vary after

cyclodextrin injection, the treatment that extracts cholesterol

but has no action on the actin filaments.

To verify the contribution of protein diffusion to our results,

we repeated the experiments on fixed HeLa cells where all

protein diffusion is definitely absent. Results were very similar

to those in the living cells. The stiffness differences were,

however, less important than those on living HeLa cells,

probably due to the fixation procedure where all proteins are

cross-linked.

In a final control we repeated our experiments on a second

different cell line (293T cells) and obtained similar results to

those of the presented experiments on neurones.

The relative stiffness measurements thus revealed that that

GPI domains are 30% stiffer than the rest of the membrane. It

should be pointed out that the method used here does not

exclude the possibility that the GPI domains are even stiffer

than the value we actually measured. This is due to a phe-

nomenon that can be illustrated by a coin glued to the surface

of an inflated balloon. The balloon stiffness one measures by

pushing on the coin appears to be greater than the stiffness of

the rest of the balloon, but this apparent stiffness is far lower

than that of the coin itself.

The measurements also permitted us to estimate the size of

the GPI domains according to their stiffness difference with

the surrounding membrane. The domains were found to be

,70 nm, in agreement with the reported size for these do-

mains using other approaches (1,6,8,53) and AFM on arti-

ficial membranes (58).

Our study validates AFM to investigate GPI domains and

membrane subdomains in living cells, in addition to the various

biochemical techniques that have been used previously (e.g.,

(59,60)). These techniques strongly depend on the detergent

used to isolate membrane subdomains (61) and therefore re-

quire complementary approaches (62,63) such as AFM.

These observations not only provided mechanical infor-

mation on different membrane regions, but they also con-

firmed the existence of submicron domains in the plasma

membrane of living cells, an issue that has recently been

heavily debated (5).

Several lines of evidence argue that the dynamics of rafts

likely depends on the actin cytoskeleton (64,65), an issue

that we did not address here. Kusumi et al. have proposed a

model, called the actin fence and picket model, based on

actin subcompartmentalization of the cell membrane (30–

300 nm depending on the cell type (for a review see Kusumi

et al. (1)). The membrane compartmentalization by actin

cytoskeleton is comparable to the diffusion confinement of

phospholipids (54). It has been proposed that lipid rafts may

define confinement zones within these compartments. We

noticed that the Er(GPI) after cytochalasin B treatment

became lower at one pixel than at two and three pixels

apart. This would imply that the size of the GPI domains had

increased without a change in stiffness. This remains an open

issue at this stage and requires further analysis.
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One main goal of this study was to determine whether AFM

could detect a difference in the stiffness of membrane domains

in living cells. This is an important point in the context of the

debated issue of the behavior of proteins and lipids in raft

microdomains. This approach allows us to address the issue of

the relationships between membrane mechanical properties as

stiffness, membrane structure, and protein and lipid diffusion.

It is clear that raft-associated protein-protein interaction may

participate in driving molecular assemblies, as suggested by the

work of Douglass and Vale (25), though participation of the

lipid environment is not excluded. Here, we focused on GPI-

anchored proteins; oligomerization of GPI-anchored protein is

also under discussion (53,66).

Whether oligomerization of GPI-anchored proteins affects

the lateral diffusion and the stiffness of the membrane into

which they distribute is beyond the scope of this study but is

certainly a next step to investigate. We demonstrated that the

GPI domains are stiffer than the surrounding membrane, and

many reports have documented that the diffusion of lipids and

proteins are slower in so-called raft microdomains on living

cells (1,26) and artificial membranes (27). Using the probe

Laurdan, Gauss et al. have demonstrated that rafts can form

condensed domains on living cells (67). It is thus attractive to

propose that the stiff areas we observed correspond to specific

platforms into which the diffusion of these lipids and proteins

is modified, allowing the formation of signaling complexes

involved in a variety of raft-dependent physiological events

and infectious diseases (21,27). A prediction of this hypoth-

esis is that lowering changes in stiffness between domains

should impair signaling. Indeed, several reports have shown

that upon MeCD activation of signaling, cascades are inhi-

bited (12). Interestingly, ganglioside overexpression has been

documented to decrease membrane fluidity and to suppress

the neurotrophic tyrosine kinase receptor type 1-dependent

signaling activation upon nerve growth factor (NGF) treat-

ment (68). More studies are obviously needed to understand

the physics of the relationship between diffusion and

stiffness. However, our data strongly suggest that differences

in stiffness clearly occur in biological membranes and that

one class of proteins often considered raft-associated, i.e.,

GPI-anchored proteins, partitions into stiff domains.

Altogether these results demonstrate that it is possible to

measure the relative stiffness of plasma membrane domains

in living cells. The method described here thus provides

perspectives for investigating biophysical properties of the

cell plasma membrane with a broad spectrum of applications.

It permits us to study, at the nanometrical level, the role of

adhesion mechanisms on the membranes of living cells.

Further applications could include the study of mechanical

properties of receptors before and after stimulation with

physiological ligands or pharmaceutical compounds. Hence,

a link can be established between the mechanical properties

of the lipid bilayer and the fate of surface proteins, leading to

signaling activation and shedding new light on the study of

membrane-coupled signal transduction.
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