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ABSTRACT The membrane surface of living CV-1 kidney cells in culture was imaged by contact-mode atomic force
microscopy using scanning forces in the piconewton range. A simple procedure was developed for imaging of the cell surface
with forces as low as 20-50 pN, i.e., two orders of magnitude below those commonly used for cell imaging. Under these
conditions, the indentation of the cells by the tip could be reduced to less than 10 nm, even at the cell center, which gave
access to the topographic image of the cell surface. This surface appeared heterogeneous with very few villosities and
revealed, only in distinct areas, the submembrane cytoskeleton. At intermediate magnifications, corresponding to 20-5 um
scan sizes, the surface topography likely reflected the organization of submembrane and intracellular structures on which the
plasma membrane lay. By decreasing the scan size, a lateral resolution better than 20 nm was routinely obtained for the cell
surface, and a lateral resolution better than 10 nm was obtained occasionally. The cell surface appeared granular, with packed

particles, likely corresponding to proteins or protein-lipid complexes, between ~5 and 30 nm xy size.

INTRODUCTION

Imaging of cell surfaces was early considered an important
biological application of scanning probe microscopy (Rup-
persberg et al., 1989; Ito et al., 1991) and, more particularly,
of the atomic force microscope (AFM) (Butt et al., 1990;
Haiberle et al., 1991; Henderson et al., 1992; Horber et al.,
1992; Radmacher et al., 1992). Whereas examination by the
AFM of two-dimensional arrays of proteins can reveal
subnanometer details (Miiller et al., 1995b; Shao et al.,
1996), the best resolution that can be achieved at the surface
of cells, either fixed or living, is generally considered to be
in the range of 50-500 nm (Fritz et al., 1994; Radmacher,
1997). Among the identified factors that can affect the
quality of imaging, such as the strength of the cell adherence
to its support, the cell type, the complexity of the topogra-
phy, and composition of the surface (Henderson, 1994; Hoh
and Schoenenberger, 1994; Le Grimellec et al., 1994), a key
role was early attributed to the force applied during scan-
ning (Henderson et al., 1992). Thus deformation of the cell
surface under the AFM tip due to the generally high scan-
ning forces, between 1 and 30 nN, considered to be neces-
sary for stable imaging (Putman et al., 1994; Hoh and
Schoenenberger, 1994; Haydon et al., 1996; Radmacher et
al., 1996; Schaus and Henderson, 1997), is likely to limit the
lateral resolution obtained on intact cells (Weisenhorn et al.,
1993; Radmacher et al., 1995) and to give images whose
contrast markedly depends on the rigidity of submembrane
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stuctures (Henderson et al., 1992; Hoh and Schoenenberger,
1994).

These problems in cell imaging have motivated us to
develop a procedure that allows us to image, in the contact
mode, the surface of intact cells at much lower forces. The
recent finding that single loops connecting bacteriorhodop-
sin transmembrane helices are in an extended configuration
at forces below 200 pN and compressed at forces above this
threshold (Miiller et al., 1995a) gave us an idea of the range
of forces that should be used for cell imaging.

In this paper we describe a simple procedure that makes
it possible to image, in the contact mode, living cells with
forces as low as 20—50 pN. In this range of forces, inden-
tation of the surface by the tip was generally less than 10
nm, giving access to the cell surface topography. The lateral
resolution obtained was routinely better than 20 nm and,
occasionally, better than 10 nm.

MATERIALS AND METHODS
Materials

Culture media were from Gibco (Paisley, Scotland). All reagents were of
analytical grade.

Cell culture

CV-1 cells (African green monkey kidney cells) were grown at 37°C, in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf
serum, 2 mM glutamine, 100 IU/ml penicillin, and 100 wg/ml streptomy-
cin, in a 5% CO,/95% air atmosphere (Le Grimellec et al., 1997). Cells
were grown directly on uncoated glass coverslips (14-mm diameter or
22 X 50 mm) and examined in the subconfluent state. Before examination
in the “fluid cell” (Digital Instruments, Santa Barbara, CA) of the AFM,
living cells were washed three times with phosphate-buffered saline (125
mM NaCl, 20 mM Na,HPO,, 5 mM NaH,PO,, 5 mM KCI, pH 7.4)
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containing 0.5 mM CaCl, and 2 mM glutamine, before imaging in the same
buffer (Le Grimellec et al., 1994) at room temperature.

Atomic force microscopy

A multimode Nanoscope III AFM or a Bioscope (Digital Instruments) was
used for the experiments. When the Nanoscope IIT was used, samples were
glued to magnetic stainless punches and mounted in the fluid cell without
using the O ring. The rectangular coverslips were mounted directly on the
stage of the inverted microscope (Zeiss) of the Bioscope. V-shaped silicon
nitride cantilevers, with a nominal spring constant of 0.01 N/m (Park
Scientific Instruments, Sunnyvale, CA), were used in most of the experi-
ments; the remaining experiments were performed with 0.06 N/m cantile-
vers (Digital Instruments), with no noticeable differences in the results
obtained, according to the cantilever origin. Verifications of the spring
constants of the cantilever by the resonance frequency method (Cleveland
et al., 1993) gave a value not statistically different from the manufacturer’s
value for Park Scientific Instruments cantilevers. On the other hand, we
found a mean spring constant of 0.03 nN/m for the Digital cantilevers. For
each tip used, the sensitivity of the response was determined from force
versus distance curves (force curves) on glass coverslips. Force curves of
cells (0.9-1.5 Hz) were taken in the same liquid, changing neither the tip
nor the position of the laser beam on the cantilever. Contact mode imaging
forces were generally adjusted (with no xy scanning) to less than 100 pN
before the cells were scanned. The slope of the force versus distance curves
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FIGURE 1 Imaging at low-magni-
fication of living CV-1 cells by low-
force contact-mode AFM. (4 (height
mode) and B (deflection mode; z
range 5 nm)) 80-um xy scan of a
group of cells. Scan rate: 1.2 Hz. (C
(height mode) and D (deflection
mode; z range 3 nm)) 30-wm xy scan |
of the same group of cells. The box in
B shows the region chosen for the
30-wm scan. Scan rate: 1.8 Hz. (£ and
F) Force versus distance curve corre-
sponding to the imaging of A-D, re-
spectively.

— 1.0 pm
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after contact was adjusted by moving the tip position step by step. Suc-
cessful imaging of cells was regularly obtained once the force curve
acquired a typical curvilinear shape (see, for instance, Fig. 1). According to
the drift of the equipment, a 30—-90-min equilibration period was generally
allowed before the first scanning of cells.

RESULTS
Imaging of CV-1 cells at low magnification

Contact-mode low-force imaging of living CV-1 cells, un-
der phosphate saline buffer supplemented with calcium and
glutamine, was achieved on a regular basis. The results of a
representative experiment are shown in Fig. 1, where the
height and deflection signals of a 80-um scan of overlaying
CV-1 cells and the corresponding force versus distance plot
taken just before the scan are presented. The ~60-pN load-
ing force chosen allowed a stable imaging of the cell surface
on a large scale. As initially reported by Putman et al.
(1992), details of the membrane surface were more easily
visualized in the deflection mode than in the height mode. A
marked heterogeneity of the surface roughness between
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adjacent cells, but also for a single cell (see the cell at the
upper left corner of the figure), was observed. At this
magnification, the images revealed the presence of a few
protrusions, some of them ressembling small microvilli, and
in some areas of filamentous structures. Most often, reduc-
ing the scan size allowed us to further reduce slightly the
force needed for imaging. This is illustrated in Fig. 1, C and
D, where the 30-um scan was obtained with a scanning
force of less than 50 pN (Fig. 1 F). The images emphasized
the topographical heterogeneity of the surface of the CV-1
cells; the relatively smooth surface, with a few protruding,
small, round structures observed in the upper part of the
figure constrasted with the rougher, more complex aspect of
the bottom part, where thin, filamentous structures were
discerned. Because the filamentous area corresponded to the
edge of one cell overlaying the center area of a different
cell, this excluded the possibility that this topographical
heterogeneity originated from an artifactual enhanced-con-
trast effect related to the glass coverslip support. Examina-
tion of Fig. 1 A showed that, in fact, the smooth and the
filamentous areas were at approximately the same height
above the glass coverslip. Force and tip position adjust-
ments before scanning constituted an essential procedure for
reproducible low-force, contact-mode imaging. Using the
default engagement force, the scanning force before any
readjustment was generally between 5 and 15 nN, which
resulted most of the time in the detachment of the CV-1
cells from the support during the scan (not shown). Suc-
cessful scanning was obtained when the scanning force was
first adjusted to subnanonewton values and the tip was
subsequently raised (“tip-up command”), thus working with
the piezo in an extended configuration (“quasi-attractive
region”). Examination of the force versus distance curves
above the center of a cell (Fig. 2), i.e, the “softer” part of the
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FIGURE 2 Force adjustment before scanning. Representative experi-
ment showing the evolution of cantilever deflection (upper diagram) and
force (lower diagram) versus distance curves obtained at the center of a
cell (above the nucleus area), using the procedure described in the text.
Cantilever spring constant: 0.01 N/m. z scan rate: 1 Hz.
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cell, showed that reduction of the scanning force according
to the procedure described above had a pronounced effect
on the shape of the curves, as well as on the slope of the
cantilever deflection after the tip-sample contact. Hysteresis
between approaching and retracting curves practically dis-
appeared, and indentation at the set point decreased from
480 nm to 210 nm, and to less than 10 nm when the force
was decreased from 800 to 230 and 45 pN, respectively. The
effects of a 75-fold variation in the scanning force on the
images of the surface of living CV-1 cells are presented in
Fig. 3. The same 20-um cell area was scanned with suc-
cessive forces of 20, 750, 1500, and 100 pN. Increasing the
scanning force from 20 to 750 pN resulted in a marked
modification of the surface morphology. The height differ-
ences between neighboring, relatively flat areas and pro-
truding structures were accentuated (see sections in Fig. 3)
and thin filamentous structures appeared (thin arrows). Part
of the cell edge damaged during the scan revealed the glass
support (thick arrow). These modifications were amplified
with a 1500-pN scanning force, and other parts of the cell
surface seemed to be damaged during imaging. These al-
terations were at least partly reversed when a low force (100
pN) was applied in the next scan. In particular, the thin
filamentous structures, likely corresponding to submem-
brane cytoskeleton elements, became hardly distinguish-
able. Marked modifications of the surface were also re-
corded in the deflection images (not shown). Examination
of the sections of a scan line through the image confirmed
that the increase in scanning force resulted in an increased
contrast between the cytokeleton-supported and the nonsup-
ported zones of the cell surface. On 10-um scans, even in
relatively smooth areas of the cells, the surface appeared
highly corrugated when the height range was reduced (Fig.
4). Height differences of a few nanometers between the
structures were easily detected, whereas a lateral resolution
better than 120 nm was achieved (section in Fig. 4). It is
worth noting that, as in many occasions in the present work,
force versus distance plots showed the existence of small
adhesion forces between the tip and the cell surface when
the sample was moved away from the tip (retract trace).

Small scan sizes

The same type of topography was generally observed when
small areas were scanned (<5 um) at low forces (Fig. 5).
Some of the protrusions appeared to be arranged along lines.
As illustrated by Fig. 6, at this magnification, successive
scans of the same area suggested the existence at the cell
surface of topographical domains with different dynamics.
Thus the big protrusion near the center of the image during
the first scan disappeared from the second scan, run 200 s
later, whereas the linear structures at the top left of the
images were nearly unchanged. Furthermore, the three ver-
tically aligned small pits seen near the center in the first
image had practically vanished from the second image,
suggesting that the topographical domain located near the
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FIGURE 3 Effects of a 75-fold
variation in the scanning force on the
topography of living CV-1 cells.
Height mode. Scan size: 20 wm. Thin
arrows: thin filaments. Thick arrow:
damaged area. Section shows the
height profiles obtained as a function
of the scanning force, along a scan
line indicated in black. Relative
height position of curves was stan-
dardized, using the glass support as a
reference. Scan rate: 1.2 Hz.

1500 pN
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image center was less stable than the one visualized at the
top left. Frequently, on 2-um scans, tiny particles were
detectable in part of the image on the computer screen (Fig.
7). Zooming in on these particular zones, which were gen-
erally rather flat, 800-1000-nm scans repeatedly revealed
structures such as those presented in Fig. 7, C and D. In
these zones, the cell surface appeared to be covered by
globular particles of irregular size. On such scans the lateral
resolution was regularly better than 20 nm. The xy size of
the particles was generally between ~10 and 30 nm (Fig. 7
E). Occasionally, a slightly better resolution (7-5 nm) was
achieved by reducing the scan size, while keeping the force
minimal (Fig. 8). Interestingly, the lateral (friction) force
images (Fig. 8, B and D) often showed more details and a
better resolution than the height images simultaneously
acquired (Fig. 8, 4 and C). It is noteworthy that “high-
resolution” imaging of the cell surface was only obtained
when scanning forces were kept at the limit of the force

feedback regulation of the AFM. Finally, care was taken to
scan a much large zone after each small scan to ensure that
the “high-resolution” scanned area effectively corresponded
to a part of the cell surface and not to the support.

DISCUSSION

The present experiments demonstrate that in the contact
mode, scanning forces as low as 20—50 pN provided stable
imaging of the surface of living CV-1 cells by AFM. With
these scanning forces, which were 50—1000 times lower
than those commonly used for AFM cell imaging, the tri-
dimensional topography of the CV-1 cell surface, at low
magnification, appeared heterogeneous, with zones of dif-
ferent roughness. A lateral resolution significantly better
than that of the light microscope was already obtained from
10-30-um scans. Reducing the scan size suggested the
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FIGURE 4 Ten-micron scan of the surface of CV-1 cells and corre-
sponding section and force versus distance curve. Horizontal distances
between the pairs of green, black, and red arrows were 293, 195, and 118
nm, respectively. Scan rate: 2 Hz.

existence at the cell surface of topographical domains with
different lifetimes. Under favorable circumstances, the best
lateral resolution achieved for the living CV-1 cells was
~7-5 nm. At this resolution, the surfaces probed appeared
to be constituted of, or covered by, tightly packed globular
particles of various sizes.

Low-force imaging

The scanning forces used for imaging of intact cells are
generally between 1-5 nN and 30 nN (Henderson et al.,
1992; Oberleithner et al., 1993; Hoh and Schoenenberger,
1994; Putman et al., 1994; Haydon et al., 1996; Radmacher
et al., 1996). Different factors were involved in the success-
ful imaging of intact cells at much lower forces: first, the
use of cantilevers with 0.01-0.03 N/m spring constants,
which allowed a precise adjustment of the imaging force in
the low-force regime before scanning, and consequently, a
30—-90-min equilibration period, required for “stabilization”
of the cantilever position. Such a stabilization period, after
which a reasonable drift (~0.2 nm/min) that could be cor-
rected manually during the scan still occurred, likely de-
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FIGURE 5 Three-micron scan of the surface of CV-1 cells and corre-
sponding force versus distance curve. Scan rate: 2 Hz.

pended on the thermal equilibration between the cantilever,
heated by the laser spot, and the surrounding liquid medium
(Kipp et al., 1995). One has to remember that at 50-pN
loading force, the signal-to-noise ratio is still ~60 and ~20
for 0.01 and 0.035 N/m cantilevers, respectively (Shao et
al., 1996). The second important maneuver before scanning
was to adjust the tip-sample distance to get the best corre-
spondence between the approach and retract traces in the
force plot. This was generally obtained with the piezo
working close to the maximum extended position (“quasi-
attractive region”). This maneuver modified both the shape
of the curves and the slope of the cantilever deflection after
the tip-sample contact, and this was more pronounced for
the cell center than for the cell periphery. In fact, using
forces of =50 pN, comparison of the forces curves obtained
on glass and on the cell surface showed that “indentation”
was very limited, not only at the cell edges, but also at the
cell center (see Fig. 2). Considering the most unfavorable
situation, that is, that the surface negative charge of the mica
is as large as that of a biological membrane, which is
notably an underestimate (Sherbet, 1978; Miiller and Engel,
1997) for determining the onset of the cell surface-tip con-
tact, the indentation at the center of the cell for 45 pN was
below 10 nm, leading to a Young’s modulus of ~400 kPa,
assuming a Poisson ratio of 0.5 and a 30° opening angle for
the tip (Radmacher et al., 1996). Estimates of the Young’s
modulus at the cell periphery, for instance, from the force
versus distance curve corresponding to Fig. 5, also gave
values of ~400 kPa, i.e., not different from that obtained for
the cell center. The observation that, at low forces, the
Young’s modulus was approximately constant over the cell
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FIGURE 6 Topographical modification between successive scans. Scan
size: 2 um. Scan force: 80 pN. Scan rate: 2.5 Hz.

surface is in agreement with the data obtained, albeit at
higher forces (150-300 pN) and under nonimaging condi-
tions, by Radmacher et al., (1996). Accordingly, the use of
low-force scans and the Young’s modulus values estimated
for CV-1 cells could account for the resolution better than
7-5 nm at the surface of a living cell (Weisenhorn et al.,
1993). Examination of force versus distance plots also re-
vealed, on many occasions, the presence of small adhesion
forces when the sample was moved away from the tip
(retract trace). Although the origin of these small adhesion
forces cannot be ascertained, they might be related to the
transfer of tiny membrane components to the probe (Schaus
and Henderson, 1997). By creating small protrusions at the
end of the tip, this might also contribute to improving the
resolution of imaging. The third parameter involved in
successful low-force imaging concerned the cell type used.
Using the same procedure, low-force imaging was also
obtained for living Madin-Darby canine kidney (MDCK)
cells, allowing the imaging of tightly packed microvilli (not
shown), but so far has failed when applied to an other cell
line, the 3T3 fibroblast cells. This strongly suggested that
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the chemical/mechanical properties of the cell surfaces vary
markedly between cell types, which thus may or may not
render low-force imaging possible. It is noteworthy that,
even when using cantilevers with the lowest spring con-
stants, starting a scan just after the automatic approach and
the detection of the tip-sample contact by the AFM (default
engagement force), i.e., with no real force adjustment, often
resulted in cell damage. In fact, with CV-1 cells, cell dam-
age could even occur for forces below 1 nN (see Fig. 3).

Topography of the CV-1 cell surface

Examination of CV-1 cells at low magnification revealed a
marked heterogeneity of the surface topography, with zones
enriched in thin filamentous structures coexisting with
smoother zones. This heterogeneity, best visualized by the
error signal images, was also clearly visible in the height
mode images. Plasma membrane deformation under the
AFM tip or tip penetration through the cell membrane has
been proposed to explain the visualization by AFM of the
thin filamentous structures, which correspond to elements
of the submembrane cytoskeleton, at the surface of cells
(Henderson et al., 1992). Recent experiments, however, rule
out the tip penetration hypothesis (Haydon et al., 1996;
Schaus and Henderson, 1997). The observation that com-
parable images of a cell surface are obtained using scanning
forces as low as 20-30 pN, with indentations smaller than
10 nm, raises questions about the current interpretation of
submembrane cytoskeleton visualization. An alternative to
the “draping model,” in which the vertical applied force
from the AFM tip causes the membrane to “drape” over
rigid subcellular structures during imaging (Henderson et
al.,, 1992), could be that, under normal conditions the
plasma membrane, in places, lies on submembrane struc-
tures. Tightness of the coupling between submembrane
structures and the plasma membrane would vary locally as
a function of the cytoskeleton organization and its anchor-
ing to membrane proteins, as well as a function of local
chemical/osmotic gradients. Such a hypothesis is consistent
with the observation that, most often, “filamentous” zones
coexist with “smooth” zones at the cell surface. The obser-
vation that such filamentous zones can be imaged from cell
extensions partially covering the center domain of other
cells (Fig. 1) strongly argues against the view that the
filamentous aspect is only a consequence of the fact that the
cell edge, containing less cytoplasm, sits as a thin layer on
the hard surface of the glass support, thus allowing a better
resolution of the submembrane structures. It is also consis-
tent with the notion of domains, whose existence would
depend, at least partly, on cytoskeleton-membrane protein
interactions in plasma membranes (Kusumi and Sako,
1996). Finally, it also provides an explanation for the im-
ages presented in Fig. 3, where the scanning force was
varied from 20 pN to 1.5 nN. Long, tubular structures that
abut the cell border, as well as large protruding structures,
were observed at 20 pN. The height of these protruding



Le Grimellec et al.

FIGURE 7 High-magnification im-
aging of the cell surface at low force.
(4) Two-micron scan of the surface
of living CV-1 cells (height mode,
raw image). The presence of tiny par-
ticles is visible on the lower left cor-
ner of the image. Scan force: 60 pN;
scan rate: 1.2 Hz. (C) One-micron
electronic zoom of the lower left cor-
ner, identified by a box, of 4. B and D
correspond to 4 and C, respectively,
after low-pass filtering. (£) Section
analysis of C. Horizontal distances
between the pairs of green, red, and
black arrows were 17.6, 49.0, and
15.7 nm, respectively. The vertical
distance between the pair of red ar-
rows was 7.3 nm.

structures indicates that they correspond to submembrane
structures (intracellular organelles?) recovered by the
plasma membrane, rather than to extensions of the plasma
membrane itself. In addition to these structures, increasing
the scanning force to 750 pN revealed the existence of
transversal long filamentous structures likely corresponding
to actin filaments, which in this region of the cell were
localized deeper below the cell surface. The phenomenom
was amplified at 1.5 nN, where marked cell damage oc-
curred. This damage was not irreversible, as shown by the
next scan at 100 pN, in which most of the thin filaments
previously observed at high scanning force again became
indiscernible. These images extend to the low-force work
done by Radmacher et al. (1996), who, starting at 0.4 nN,
reconstructed from single topographical lines the constant
force topographs from a human platelet.

Decreasing the scan size to 10 um and keeping low
scanning forces reinforced the view that cell surface topog-
raphy was markedly dependent on submembrane structural
organization. Thus structures that protrude 80-100 nm
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above the surface likely represented extensions of the
plasma membrane supported by internal structures. It has to
be mentioned that, with such scan sizes, the lateral resolu-
tion (~100 nm) was already better than the resolution of an
optical microscope. This was further confirmed with
smaller scan sizes, which also allowed us to observe local
submicron rearrangements of the cell surface between two
successive scans. Frequently, zones of tiny packed particles
were observed in 2-wm raw images. These particles,
~10-30 nm xy size, protuded up to ~8 nm above the
surface and were better visualized after low-pass filtering.
These observations confirm those made by a few groups of
investigators working on different cell types (Butt et al.,
1990; Horber et al., 1992; Le Grimellec et al., 1994), who
reported that, when accessible to high resolution, the cell
surface appears to be constituted of particles that occupy
most of the membrane surface. Because, at this time, less
attention was paid to the fine control of scanning forces, it
is likely that these high-resolution images were the result of
very low force, involuntary scans. It is noteworthy that a
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FIGURE 8 Submicron scan of the
surface of living CV-1 cells. Scan
size: 475 nm. Scan rate: 2 Hz. (4)
Height image (low-pass filtered). z
range: 10 nm. (B) Friction image
(low-pass filtered). z range: 0.025 V.
(C) Section analysis of 4. Vertical
distances between the pairs of green
and red arrows were both 1.9 nm.
Horizontal distance between the pair
of black arrows: 7.2 nm. (D) Section
analysis of B. Horizontal distances
between the pairs of green, red, and
black arrows were 7.4, 5.6, and 14.8
nm, respectively. (E) Corresponding
force versus distance curve.
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similar organization was observed for supported isolated
plasma membranes examined under liquid (Le Grimellec et
al., 1995; Larmer et al., 1997). Such particles or globular
structures are redistributed upon concanavalin A addition at
the surface of red blood cells (Horber et al., 1992), are
digested by protease treatment of the surface of MDCK
cells (Le Grimellec et al., 1994), and are still present on the
cytoplasmic leaflet of the plasma membrane of MDCK cells
after ethanol dehydration (Le Grimellec et al., 1995), a
procedure that extracts a large fraction of membrane lipids.

Separation - 47.47 nw/div
This strongly suggests that they correspond to membrane
proteins or to protein-lipid complexes. In contrast to the data
obtained on MDCK cells (Le Grimellec et al., 1994), no
enzymatic treatment was required to gain access to the
membrane surface. This suggests that CV-1 cells have a
glycocalix less abundant than that of MDCK cells. Likely,
the fact that the small particles were visualized only from
particular zones is related to a nonuniform distribution of
the glycocalix over the cell surface. On some occasions, the
lateral resolution was improved to 5—7 nm by submicron



Le Grimellec et al.

scans. The images thus obtained confirmed the size heter-
ogeneity of the membrane particles. Lateral force (friction)
images also confirmed the existence of the particles, often
offering a better definition than the height images acquired
simultaneously.
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Languedoc-Roussillon, and I’Université Montpellier I. VV was supported
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