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ABSTRACT The membrane surface of polarized renal epithelial cells (MDCK cells) grown as a monolayer was imaged with
the atomic force microscope. The surface topography of dried cells determined by this approach was consistent with electron
microscopy images previously reported. Fixed and living cells in aqueous medium gave more fuzzy images, likely because of
the presence of the cell glycocalix. Treatment of living cells with neuraminidase, an enzyme that partly degrades the glycocalix,
allowed sub-micrometer imaging. Protruding particles, 10 to 60 nm xy size, occupy most of the membrane surface. Protease
treatment markedly reduced the size of these particles, indicating that they corresponded to proteins. Tip structure effects were
probably involved in the exaggerated size of imaged membrane proteins. Although further improvements in the imaging con-
ditions, including tip sharpness, are required, atomic force microscope already offers the unique possibility to image proteins

at the membrane surface of living cells.

INTRODUCTION

The atomic force microscope (AFM) introduced by Binnig
et al. (1986) is a scanning probe microscope that offers the
possibility of imaging soft surfaces in aqueous environment
with lateral resolution down to 1-50 nm (Hoh and Hansma,
1992). AFM has been used recently for investigating surface
changes and displacements (Butt et al., 1990; Haberle et al.,
1991; Kasas et al., 1993; Fritz et al., 1993), cell surface vis-
cosity (Radmacher et al., 1992), cytoskeleton dynamic (Hend-
erson et al., 1992; Chang et al., 1993), and virus exocytosis on
isolated cells (Horber et al., 1992; Hiberle et al., 1992). Except
for red blood cells, where structures down to 810 nm were
detected (Butt et al., 1990; Hiberle et al., 1991), details of the
membrane surface of isolated cells in aqueous medium are
lacking, cells being imaged in most of the experiments using
scanning ranges of several micrometers.

Madin Darby canine kidney (MDCK) cells, a cell line
derived from dog kidney, form an epithelial monolayer with
structural characteristics and biochemical and biophysical
properties close to those of epithelia in situ (Rindler et al.,
1979). This cell line is one of the most popular models in
studies on cell polarization processes (Louvard, 1980;
Simons and Fuller, 1985; Rodriguez-Boulan and Powell,
1992). So far, AFM has not been used for imaging the surface
of such highly differentiated cells grown as a monolayer.

With the AFM, we studied the apical membrane surface
of dried, fixed, and living MDCK cells grown to confluence.
Morphological characteristics of MDCK cells including
structures such as microvilli were easily imaged from dried
cells. AFM further allowed us to visualize particles, 8--70 nm
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xy size at the membrane surface using submicrometer scans.
Fixed and living cells in aqueous medium gave more fuzzy
images. This was likely due to the presence of the cell gly-
cocalix. Partial disruption of the glycocalix allowed to image
particles 10-60 nm in diameter, identified as proteins, at the
membrane surface of living MDCK cells.

MATERIALS AND METHODS
Materials

Culture media were from Gibco (Paisley, Scotland). Neuraminidase from
Vibrio Cholerae and pronase were purchased from Sigma Chemical Co. (St.
Louis, MO). All other reagents were of analytical grade.

Cell culture

MDCK cells were obtained from Flow Labs (Irvine, CA). They were used
between passages 75 and 84. Cells were grown to confluence at 37°C, in
a 5% CO,/95% air atmosphere, either in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal calf serum or in serum-free medium (Le
Grimellec et al., 1988) directly on glass cover slips (14-mm diameter) or on
green mica. They were used 1-2 days after the confluence was reached.
Under these conditions, they form a continuous monolayer of cells that
firmly adheres to the support, covering it entirely.

Atomic force microscopy

A Nanoscope III AFM (Digital Instruments, Santa Barbara, CA) was used
for the experiments. The microscope was equipped with a “J” (130 um)-,
an “E” (12 wm)-, or an “A” (800 nm)-type scanner. Samples were glued with
super-glue-3 (Loctite) to magnetic stainless steel punches and mounted in
either the standard support or in the fluid cell, without using the O ring.
V-shaped cantilevers with spring constant of 0.06-0.38 N/m (Digital In-
struments) were used. To control the force to which the sample was sub-
jected, the tip was engaged onto a 10 X 10 nm scan area in the center of
the field. Typically, imaging forces were then adjusted to less than 5 nN.
The scan frequency was 1-2.5 Hz. All AFM images were acquired in con-
stant force mode (i.e., “height mode”). They were processed only by flat-
tening to remove background slope.
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Sample preparation
Living cells

Before examination in the “fluid cell,” living MDCK cells were washed 3
times with serum-free medium devoid of pH indicator and imaged in the
same medium. Alternatively, living cells were washed with PBS (NaCl 125
mM, Na,HPO, 20 mM, NaH,PO, 5 mM, KC1 5 mM, pH 7.4) containing 0.5
mM CaCl, and 2 mM glutamine (supplemented PBS: S-PBS) and imaged
in this solution, which preserves their functions (Le Grimellec et al., 1988).
When required, cells imaged with the “J” scanner were treated with 30

mU/ml neuraminidase in S-PBS for 1 h on ice or for 15 min at room tem+’

perature, washed 3 times and further imaged in the same buffer. For pronase
treatment, cells were incubated in S-PBS containing BSA (1 mg/ml) and
0.25% (w/v) pronase for 15 min at room temperature and washed 3 times
with S-PBS before imaging in the same buffer. Cellular viability was es-
timated by ability to exclude the vital dye, trypan blue (Blais et al., 1993).

Fixed cells

Cells were fixed in 3% paraformaldehyde/S-PBS solution for 30 min at room
temperature, washed 3 times with PBS, and imaged in the same solution.
In some experiments, cells were treated with pronase as described above,
before fixation.

Dried cells

Fixed cells were dehydrated with ethyl alcohol/water solutions of increasing
ethanol concentration (from 70 to 100%) as described for EM samples
preparation (Bergeron et al., 1994). They were examined in air.

RESULTS AND DISCUSSION

Imaging of living cells at low magnification (“J” scanner)
confirmed the monolayer organization of the cultured
MDCK cells as well as the highly corrugated and hetero-
geneous character of their membrane surface (Fig. 1 A). In-
tercellular junctions generally appeared as a fence-like struc-
ture forming the characteristic “honeycomb pattern”
observed when using fluorescent probes that label the plasma
membrane (Dragsten et al., 1981; Le Grimellec et al., 1988).
In most cells, depression of the membrane surfaces were
observed in zones generally close to an intercellular junction.
Comparable images were obtained for paraformaldehyde-
fixed cells in liquid medium (not shown). These depression
zones were still visible for dried cells examined in air (Fig.
1 B). For living cells, fuzzy images were obtained when
decreasing the scan size down to a few micrometers, using
cither the “J” or the “E” scanner, in an attempt to improve
the resolution. The use of cantilevers with spring constants
between 0.06 and 0.38 N/m and typical forces applied to the
samples from less than 0.5 to 5 nN did not modify the image
pattern. The fuzzy aspect of cells imaged in liquid medium
in the micrometer scale range is common in AFM and is more
or less pronounced according to the cell type studied (see, for
instance, Fig. 3 in Kasas et al., 1993; Fig. 3 in Fritz et al.,
1993; Fig. 2 in Chang et al., 1993). The quality of images was
improved in fixed cells but was really satisfactory only for
dried cells (Fig. 1 C). In accordance with electron micros-
copy and scanning electron microscopy images (Imhof et al.,
1983; Behrens et al., 1985; Bergeron et al., 1994), AFM
allowed us to visualize, under these conditions, finger-like
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structures, the microvilli, present at the membrane surface of

- MDCK cells. These microvilli were abundant in the region

of contact between cells (Louvard, 1980), which could ex-
plain the fence-like AFM image obtained at lower magni-
fication. Also in accordance with EM, the presence of pits,
which might be involved in endocytic processes, was fre-
quently observed at the basis of microvilli.

‘When scanning 800 X 800 nm areas (“A” scanner), globu-
lar structures, heterogeneous in size, can be detected emerg-
ing from the membrane surface of dried cells (Fig. 2A4). The
structures seen in this image resemble those observed on
blood cells examined in liquid medium (Butt et al., 1990;
Hiberle et al., 1991). The xy size of these protrusions (range
8-70 nm) varied little between the experiments. As shown,
these particles occupied the major part of the cell surface. For
paraformaldehyde-fixed MDCK cells imaged in PBS, we
could zoom in certain regions and scan 800 X 800 nm areas
(Fig. 2 B). Protruding structures of xy size comparable to that
estimated from dried cells, but of more irregular shape, were
also visualized. Part of the particles seemed to be arranged
along lines whose directions differed from that of scanning,
as previously reported for red blood cells (Hiberle et al.,
1991; Horber et al., 1992). Again, the cell surface appeared
highly corrugated, with corrugation amplitudes mostly of
1-5 nm. Similar images were obtained from different cell
culture batches, examined at different times. Preatreatment
with pronase, a protease commonly used to digest proteins

-at the membrane surface of cells under conditions that keep

the membrane impermeable to macromolecules (Karin and
Mintz, 1981), drastically altered membrane surface images
by reducing the xy size, the height, and the number of the

. protruding particles that eventually became undetectable

(Fig. 2 C). This indicated that these particles were of proteic
nature and likely corresponded to proteins (peripheral and/or
integral, perhaps) exposed at the membrane surface.

In living cells, the fuzzy character of images at interme-
diate magnification mentioned above was associated with the
impossibility of obtaining satisfying force curves and images
from 800 X 800 nm scans. The surface of most cells is cov-
ered by a glycocalix constituted of highly branched sugar
residues linked to proteins that can extend well above the
membrane surface (Underhill and Toole, 1982; Lee et al.,
1993). The glycocalix is often damaged during the fixation/
drying processes, and faulty fixation of pericellular sub-
stances during the preparative procedure might account for
the failure to visualize glycocalix on the surface of most cells
in conventionally fixed tissues (Behnke and Zelander, 1970;
Hunziker et al., 1983). We hypothesize that the fuzzy ap-
pearance at low magnification and the problems encountered
when trying to scan sub-micrometer areas were linked to the
presence of this glycocalix with the sugar chains moving
under the AFM tip during scanning. Examination of the gly-
cocalix organization in toad bladder epithelial cells using
quick-freeze, deep-etch techniques eventually coupled with
freeze-fracture on glutaraldehyde-fixed samples revealed an
anastomosing mesh composed of filaments, 8-12 nm in di-
ameter, that attach directly to intramembrane particles
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FIGURE 1 Low-magnification AFM images of
MDCK cells. AFM image of a monolayer of living (4)
and dried (B) MDCK cells grown to confluence (field
size 30 X 30 wm). Living cells were imaged in serum-
free medium. (Arrow heads) Contact regions between
adjacent cells. (C') AFM image (4.2 X 4.2 pum) of a dried
monolayer showing part of the contact region between
two adjacent cells at the left upper corner. Note the pres-
ence of numerous microvilli at the membrane surface.
The images were processed only by flattening to remove
background slope. To control the force to which the
sample was subjected, the tip was engaged onto a 10 X
10 nm scan area in the center of the field. Typically,
imaging forces were then adjusted to 0.5-5 nN.
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(Hartwig et al., 1987; Wade and Coleman, 1989). Accord-
ingly, living cells were treated with heparinase I, hyaluroni-
dase, or neuraminidase at various concentrations. The best
results were obtained with neuraminidase (30 mU/ml), which
cleaves the a-ketosic linkage of N-acetylated neuraminic
acid to an adjacent sugar residue (Gottschalk and Drzeniek,
1972). A similar neuraminidase treatment was used to study
the recycling of surface glycoproteins in intact cells (Snider,
1989). Although not completely efficient, this procedure,
which did not alter the cell viability, allowed us to improve
the quality of images at intermediate magnification and to use
successfully the “A” scanner, confirming that glycocalix can
limit the tip access to the membrane surface. We repeatedly
obtained, from different cell culture batches, images of par-
ticles protruding from the membrane surface (Fig. 2 D)
whose lateral sizes (range 10-60 nm) compared with the
values estimated from fixed cells. These images compared
with those obtained by Horber et al. (1992) for the surface
of red blood cells. The distribution of most of the particles
varied between successive scannings of the same area, an
observation that can be accounted for by the well established
lateral diffusion of membrane constituents. Reduction in the
scan size or changes in the scan speed, after a first scan, most
often modified the image quality but confirmed both the pres-
ence and the size range of the particles. Pronase treatment
after a first imaging of the particles resulted in a marked
smoothing of the membrane surface (Fig. 2 E), decreasing
both the height and the xy size of these particles (Fig. 2 F),
confirming that they were proteins and not a convolution of
small surface structures of the tip. As reported before for
various soft biological materials including DNA (Hansma
et al., 1992; Allen et al., 1992; Murray et al., 1993; Venseka
et al., 1992), the xy size of these proteins was larger than
expected. Except for highly organized structures such as the
gap junction cell-to-cell channels, where a lateral resolution
better than 3 nm has been achieved (Hoh et al., 1991; Hoh
et al.,, 1993), the smallest structures at the surface of cells
imaged in liquid medium were in the 8-10 nm range (Butt
et al., 1990; Haberle et al., 1991; Horber et al., 1992), i.e.,
a value comparable with that of our smallest proteins. It is

FIGURE 2 High-magnification AFM images of the apical surface of
MDCK cells. (A) Dried cells; (B) paraformaldehyde-fixed cells; (C)
paraformaldehyde-fixed cells pretreated with pronase; (D) living cells
treated with neuraminidase; (E) living cells treated with neuraminidase,
imaged, then treated with pronase; (F) section analysis of living cells before
(top) and after (bottom) treatment with pronase. A 0.8 X 0.8 um AFM head
was used. For pretreatment with pronase (C), cells were incubated with
0.25% (w/v) pronase in PBS containing glutamine and calcium (S-PBS) for
60 min at 4°C before fixation. In D, living cells were treated with 30 mU/ml
Vibrio Cholerae neuraminidase for 1 h on ice in S-PBS. They were washed
3 times in this buffer and imaged. In E, pronase (0.25%) has been added to
the cells for 15 min at room temperature, after a first imaging at high mag-
nification. Cells were then washed 3 times and further imaged as above in
S-PBS. Images B-E were obtained in liquid medium, whereas A was imaged
in air. Note that image A was likely made by a double tip. Vertical distances
between the pairs of red, green, and black arrows (F) were 2.58, 4.45, and
1.79 nm, respectively, in controls (top) as compared to 1.45, 1.08, and 0.
77 nm, respectively, in pronase-treated cells.
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noteworthy that, when imaged by AFM, the protruding
height of the plasma membrane calcium-ATPase, a protein
of 134 kDa, reconstituted in liposomes (4-5 nm), was in good
agreement with the value calculated for the crystals, whereas
its xy size (35 nm) was about 3 times larger than expected
(Kasas et al., 1992). Characteristics of AFM tips are likely
to explain, at least partly, the enlargement phenomenom
(Allen et al., 1992; Venseka et al., 1992). Assuming a radius
of curvature of around 10 nm for the tips, a simple calculation
indicates that, for instance, a 5 nm diameter protein embed-
ded in a bilayer can be imaged as a 20 nm diameter particle
(Venseka et al., 1992). Other factors might contribute to the
large xy size of the particles imaged at the membrane surface
of MDCK cells. They include the possible association of
some proteins as multimeric units, the clustering of some
others, and the association of integral membrane proteins
with peripheral proteins. Future experiments will have to
assess the relative importance of these factors versus the tip
effects in the imaging of cell surfaces.

CONCLUSION

The morphological characteristics of the membrane surface
of polarized epithelial cells grown as a monolayer can be
imaged by AFM. Submicrometer imaging with satisfactory
resolution can be performed on dried cells. On the other hand,
submicrometer imaging of the surface of living cells in liquid
medium required treatment with an enzyme that alters the
glycocalix integrity. Under these conditions, proteins that
appeared as protruding particles 10-60 nm xy size were im-
aged at the membrane surface. Tip effects were likely in-
volved in the exaggerated size of the proteins. Sharper and
better defined tip structures are likely to reduce these effects
in the near future. Our results also strongly suggest that
glycocalix, which covers the surface of most cells, unless
disrupted, limits the resolution of AFM or other near-field
microscopes in studies of the membrane structure of living
cells.
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