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ABSTRACT Subsurface cytoskeletal structure can be visualized in either fixed or living mammalian cells in aqueous medium with -50 nm
resolution using the Scanning Force Microscope (SFM). In living cells, changes in cell topography, or subsurface cytoskeleton caused
by the introduction of drugs (colchicine) or cross-linking of surface receptors (by antibodies against IgE bound to the IgE receptor) can
be followed in time. Contrast in SFM images of cell surfaces result from both topographic features of the cell and from variations in cell
surface "stiffness". The SFM is therefore capable of measuring local compliance and stress in living cells, and so should make it
possible to map the cytoskeletal forces used to generate cell motions and changes in cell shape.

INTRODUCTION

All living cells contain a system of fibers and filaments,
collectively called the cytoskeleton, by means of which
they move, change and maintain shape, effect intracellu-
lar movements of organelles, and mechanically divide
themselves during mitosis. One of the chief means by
which this cytoskeletal network is studied is by light mi-
croscopy (in various forms), which allows cytoskeletal
networks to be visualized, mapped, and probed in living
cells. Recently it has been shown that a new kind of mi-
croscope, the Scanning Force Microscope ( 1 ), is capable
of imaging unstained and live cells in their native envi-
ronment (2, 3), with resolution considerably higher
than can be achieved by light microscopy, (4, 5). The
SFM is one example ofa larger class of"Scanning Probe
Microscopes", including the Scanning Tunneling Micro-
scope (STM), which all operate by scanning a very
sharp, sensitive probe tip over the sample surface. In the
SFM the tip is mounted on a flexible cantilever so that
any forces acting between tip and sample cause a measur-

able cantilever deflection. The result is a three-dimen-
sional, topographic image that can have very high resolu-
tion (for solid samples atomic resolution is common (6,
7), though this has not been achieved on cell surfaces),
and can be taken in any liquid, gaseous, or vacuum envi-
ronment.
Here we investigate the imaging of RBL-2H3 rat leu-

kemic mast cells (RBL cells) by SFM. RBL cells are in
vitro model immune system cells which express the high
affinity IgE receptor, F.,R 1. When the Fc receptor binds
to the IgE antibody, the cells are sensitized to foreign
substances (8). When two or more of these receptor-an-
tibody complexes are cross-linked (by a multivalent an-

tigen) the cell is stimulated and undergoes vast chemical
and morphological changes, including tyrosine kinase
activation, calcium influx, release ofgranules containing
histamine, heparin, and serotonin, flattening, and large
scale changes in the cytoskeleton (8, 10). With the SFM:

(a) it is possible to observe changes on the surface of
living cells when they are stimulated in situ, by introduc-
ing drugs or stimulating agents into the sample chamber.
(b) Upon stimulation of the cell (by cross-linking IgE
receptors with IgE and multivalent antigen) it is possible
to visualize the cytoskeletal network under the surface of
RBL cells. (c) It is possible to follow cell movements and
changes in the cytoskeletal network with time.

MATERIALS AND METHODS
To compare SFM imaging with scanning Electron Microscopy, some
samples were prepared by critical point drying, even though this is not
necessary for the SFM. In these experiments RBL-2H3 cells were
placed on 15 mm glass coverslips and activated by incubating for 12 h
at 37°C with anti-DNP-IgE contained in Dulbecco's modified Eagle's
medium (MEM) with 15% fetal calfserum. The IgE antibodies bind to
IgE receptor proteins on the cell surface. When these antibodies subse-
quently bind to multivalent antigen (the multivalent antigen is DNP-
BSA in our case), the receptors are cross-linked and cause stimulation
ofthe cell. The cells were then rinsed with Hank's buffer ( 10) ( 125 mM
NaCl, 5 mM KCI, 0.64 mM Na2HPO4, 0.66 mM K2HPO4, 15 mM
NaHCO3, 1.7 mM CaCl2, 0.73 mM MgSO4, 10 mM Hepes (pH 7.2),
5.5 mM Dextrose, and 10% BSA), and stimulated by exposure to 1
ug/ml DNP-BSA (in Hank's buffer) at 37°C for a specified period of
time. Before imaging they were fixed with 2% glutaraldehyde in 0.1 M
cacodylate buffer (0.1 M, pH 7.4) for 30 min, rinsed again with Hank's
buffer, then dehydrated with a graded series of ethanol solutions (50,
75, 95, 100%), and finally critical point dried.

In the remaining experiments all cells were imaged in aqueous me-
dium, either alive or after fixation. In both cases the RBL-2H3 cells
were allowed to attach to cover slips and incubated with anti-DNP-IgE
in the same manner as described above. Cells that were to be fixed were
then stimulated with 1.0 ,g/ml DNP-BSA for a specified time at 37°C,
rinsed in buffer, fixed as for the dried cells above, and stored in phos-
phate buffer (140 mM NaCl, 10 mM phosphate, pH 7.2) at 4°C. To
help determine the nature of the submembranous structure visualized
in the SFM, some cells were treated with colchicine (1 ,uM), for 40 min
at 37°C, before being stimulated with DNP-BSA.

Cells that were to be imaged alive were removed from the incubator
after activation with anti-DNP-IgE as above, rinsed in Hanks-BSA me-
dium, and placed in the fluid sample cell of the SFM which was filled
with Hank's BSA medium at room temperature. The sample was then
imaged to locate positions of resting cells. To begin the main experi-
ment the cells were stimulated by injecting 1.0 gg/ml DNP-BSA in

0006 3495/93/04/1282/05 $2.00 Biophys. J. © Biophysical SocietyBiophys. J. Biophysical Society
Volume 64 April 1993 1282-1286

Address correspondence to David Keller.

1 282 0006-3495/93/04/1282/05 $2.00



In virtually all our experiments we have found critical
point dried cells to differ from undried cells (either fixed
or living) in two respects: (a) they are flatter at the
fringes of pseudopodia and other leading edges, and (b)
their surfaces appear much rougher. In the first case a
typical thickness for a dried pseudopod is 150 nm (for
either stimulated or unstimulated cells), compared to
1000 nm for unstimulated cells and 300 nm for stimu-

lated cells that were not dried. The flatness is apparently
due to collapse of the cell upon drying, despite the care
taken to fix important structures and to avoid damage
artifacts by critical point drying. In the second case, the
roughness on the cell surface is similar to roughness seen
in electron micrographs, but, since these cells were not
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FIGURE I Scanning Force Micrograph oftwo RBL cells stimulated for
5 min with DNP-BSA before fixation. The image is a plot of height
versus X-Y position as measured by the SFM probe, displayed as if it
were illuminated from above.

Hank's buffer into the fluid cell, and imaged by SFM immediately
afterward.

ATOMIC FORCE MICROSCOPY
All samples were imaged with a Nanoscope II Scanning
Force Microscope (Digital Instruments, Santa Barbara,
CA), with microfabricated silicon nitride cantilevers
(Digital Instruments) using a 100 gm "J" scanner. In
some cases specially fabricated "electron-beam" SFM
tips were used (9) to help reduce sample-tip forces and
improve image quality. Imaging forces varied between
10-9 and lo- N, with lower forces used on undried and
living cells. All images were taken in height mode.

RESULTS AND DISCUSSION
Fig. 1 is an SFM image oftwo RBL cells stimulated with
DNP-BSA for 5 min, and then prepared in the same way
as for imaging in the Scanning Electron Microscope
(10), except that the cells were not metal or carbon
coated. The image was taken in air at ambient pressure
and temperature, and is displayed as an artificially illumi-
nated surface with the illumination from directly above.
The SFM image is very similar in appearance to scan-
ning electron micrographs of these cells (10), but con-
tains direct three-dimensional information in addition
to the two-dimensional information that is most readily
available from light or electron micrographs. In our expe-
rience resolution obtained on such samples is usually
30 nm in the lateral directions and a few nanometers

in the vertical direction.
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FIGURE 2 (a) Scanning Force Microscope image of fixed, stimulated,
undried cell in aqueous medium. Cytoskeletal fibers are visible under
the membrane. (b) Same image as in a with major fibers highlighted.
The highlighted fibers were determined by comparing the image in a
with second derivative and surface illumination images.
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a) carbon or metal coated, it must be due to the cell surface
itself rather than any coating. A possible explanation is
that on dried cells the membrane has been damaged,

perhaps by coagulation of membrane proteins.

4000 Fig. 2 a and b, shows a short pseudopod of a cell that
was prepared by the second method described above,
that is, it was stimulated (for 20 min with DNP-BSA)
and fixed, but not critical point dried. Upon stimulation,
RBL cells undergo large morphological changes, with

concomitant assembly of cytoskeletal systems (10).

Some of this cytoskeleton is visible in Fig. 2 a, which

shows a system of lines and ridges running under the
membrane. Similar networks are also visible in images of

............ live, stimulated cells (see Fig. 3 below).
To help identify these fibers, cells were treated with

nm 2000 4000 colchicine, which causes microtubules to disassemble.
The cells were prepared in the same way as before and

b) show marked differences from untreated cells. They flat-

ten and extend much less upon stimulation and are
much more easily deformed by the SFM probe. How-

4000 ever, colchicine treated cells also show cytoskeletal struc-

ture similar to that seen in Figs. 2 and 3. Therefore the
fibers cannot (all) be microtubules, and are most likely
actin assembled to extend the pseudopod (2, 10, 14).

In Fig. 2 b the major lines in the network have been

2000 highlighted. The cytoskeletal ridges are usually only a

few nanometers high, and are not easily visible in the raw
grayscale images. Figs. 2 and 3 have been processed to

enhance the visibility of surface features, by taking the

derivative of the original image. The network shown in
,Fig. 2 b was constructed using Fig. 2 a together with the

raw grayscale image, second-derivative images, and sur-
nm 2000 4000 face illumination images like Fig. 1. It is not possible to

tell from the SFM images whether the branches in the
C) network represent true branches in the underlying cyto-

skeleton or result from unresolved crossing or merging of
fibers. The ability to see these features suggests either

4000 that the membrane has become tightly stretched over the

cytoskeletal fibers or that as part of the imaging process
the SFM tip depresses the unsupported regions ofthe cell
surface between cytoskeletal fibers.

The smallest discernable fibers (in these and other
2000 images) appear to be -50 nm in diameter. This dimen-

sion will be affected by at least two factors: (a) the size of

the probe tip, and (b) the effect of the membrane be-
tween the tip and the fiber. If the tip shape is known, the

effect of tip size can be readily accounted for (6, 7), to
give the true profile of the membrane-covered fiber. The

nm 2000 4000 electron beam fabricated tips used in these experiments
are quite consistently parabolic in shape, with an end

FIGURE 3 SFM images ofliving cell surfaces. (a) Region at the edge of
a lamellipod (note the substrate surface along the right side), -25 min marked B of a has broadened in b, and the patter ofcytoskeletal fibers
after stimulation with DNP-BSA at 250C. The derivative of the image has changed. (c) Same region as in b 5 min, 4 s later. The edge ofthe cell
has been taken to enhance surface features. (b) Same region as in a 47s is now out ofview, area A has developed into a very high ridge along the

later. The edge of the lamellipod has moved almost out of the field of left side of the image, and area B has become a broad central bump.
view. In the area marked A there has been a rise in height and the The cytoskeletal pattem continues to change.
cytoskeletal fibers have largely disappeared. The high bump in the area
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radius of curvature of 10 nm (20 nm diameter). If the
cross-sectional profile of the fiber is also approximately
parabolic, the general theory shows that the true diame-
ter is just the apparent fiber diameter (measured from
the image) minus the tip diameter ( 1). The smallest
visible fibers are then -30 nm in diameter when
corrected for tip effects. The membrane presumably ac-
counts for at least a few nanometers of this, so the true
fiber diameter is -20 nm or less. A single actin filament
is 7-10 nm in diameter and microtubules are -20 nm in
diameter, so the smallest resolved features are consistent
with small actin bundles or single microtubules. Again,
because these fibers are located at the ends ofpseudopo-
dia, and because they are still present in colchicine-
treated cells, actin bundles are the more likely interpreta-
tion.

Images of living, stimulated cells are shown in Fig. 3.
We were not able to obtain useful images of unstimu-
lated, living cells. In all attempts to image unstimulated
cells the images had a featureless, smeared appearance
that we attribute to deformation by the probe tip. Clear
images could be obtained within minutes after stimula-
tion, even before much cell flattening had occurred, how-
ever, due to the assembly of cytoskeleton and conse-
quent stiffening of the cell. This stiffening of RBL cells
(and other cell types) upon stimulation has been ob-
served before ( 12, 13, 14), using a cantilever arrange-
ment similar in concept to the cantilever ofthe SFM. By
measuring force versus height of the sample (that is, a
"force curve") it is possible to make quantitative mea-
surements ofthe compliance ofthe cell surface at a single
spot as a function ofexternal stimuli and environmental
parameters. Our force curves are qualitatively similar to
those measured by Liu et al. ( 14), and we believe this
and related force or surface stress measurements may be
a major application of the SFM.
The area shown is a region at the advancing edge of a

lamellipod of a stimulated cell, and the glass substrate
can be seen at the right edge of Fig. 3 a and the lower
right corner ofFig. 3 b. The images were taken in succes-
sion, at room temperature, beginning at 25 min after
stimulation with DNP-BSA, and show how the state of
the cell surface changes with time. Physiological tempera-
ture is 37°C, so the cells change more slowly than nor-
mal. Fig. 3 b was taken at 48 s after Fig. 3 a, and Fig. 3 c
was taken 5 min and 4 s after Fig. 3 b. The position ofthe
imaging area was not moved between frames, so the dis-
appearance ofthe substrate from Fig. 3, a to b, and again
from Fig. 3, b to c, is due to motion of the cell edge.
The images have been processed to better show cyto-

skeletal structure, as mentioned above in connection
with Fig. 2. In Fig. 3 a there is a group of prominent
fibers in the upper left (region A). In Fig. 3 b the fibers in
this region are no longer prominent, but a bump in the
cell surface has risen by -20 nm in the same region, as

determined by making surface height measurements on
the raw SFM images. In Fig. 3 c this bump has grown
into a prominent feature along the whole left side of the
image. A similar progression takes place in the region
marked B. In Fig. 3 a there is a small bump in the right
center which grows to a larger bump in Fig. 3 b, and
finally swells to raise the whole central region of the
image in Fig. 3 c. In these and other, similar experiments
there seem to be a correlation between the appearance of
prominent cytoskeletal fibers and the presence or later
growth of a bump or small microvillus on the cell sur-
face. It may be that the prominent fibers are those that
are especially stiff, that is, are under tension or are con-
tracting, and so are active in causing cell movements at
the time the image is taken.

CONCLUSIONS

The SFM can image living cells with resolution consider-
ably higher than light microscopes, and this resolution
should improve as the technique develops. There are no
fundamental limits until the atomic scale is reached.
Since the sample can be kept in its native environment
the artifacts caused by drying are avoided. SFM images
are true three-dimensional topographs, so that heights,
areas, and volumes can be measured directly from raw
SFM data. We have shown here that it is possible to
observe the distribution and long-time behavior of cyto-
skeletal fibers in fixed or living cells. If, as suggested by
our results, individual cytoskeletal fibers are activated or
stressed more than others in the same region, the time
sequence ofthis activation can be followed, and perhaps
used to map in detail the kinematics of cellular shape
changes and motility.
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