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SUMMARY

Theatomic for ce microscope (AFM) was used to directly
image hippocampal neurons and glia. Using chemically
fixed and living cellsit was possible to reconstruct three-
dimensional cell structure and detect sub-cellular fea-
tures such as the nucleus, mitochondria and filaments.
By repeatedly scanning a single living cell we observed
the movement of filaments beneath the cell membrane.
Furthermore, by controlling the force applied to the

scanning tip, nanosurgery was performed to selectively
remove cells from the culture substratum. Thus, the
atomic force microscope offers the opportunity to gain
three-dimensional information about living cells and to
observe the behavior of cellular components by imaging
through the intact cell membrane.
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INTRODUCTION

During development of the nervous system the neuronal
growth cone explores its local microenvironment, receiving
signals from adjacent neurons and glia. Cell-cell signalling
during these interactions is critical for the normal develop-
ment of the brain. One approach to studying the growth
cone is to image this dynamic structure in the light micro-
scope and examine two-dimensional changes in morphol-
ogy during cellular interactions. Higher-resolution, static
images obtained by scanning electron microscopy are used
to supplement light microscope information. It would be
advantageous to be able to span the size range from mole-
culesto entire cells in one microscope while imaging living
specimens. The atomic force microscope (AFM) (Binnig et
al., 1986), invented less than 10 years ago, has the poten-
tial to achieve this goal.

In the AFM afine tip on the end of a small cantilever is
scanned over the surface of interest. Deflections of the can-
tilever are recorded and displayed as a topographical map
of the surface (Hansma et al., 1988). The AFM can image
samples at extremely high, and in some cases atomic, res-
olution and has a sufficient dynamic range to allow imag-
ing of structures such as lipids and proteins (Hansma et al.,
1991), nucleic acids (Bustamante et al., 1992; Hansma et
al., 1992; Henderson, 1992; Lindsay et a., 1989), mem-
branes (Weisenhorn et al., 1991), gap junctions (Hoh et al.,
1991), cells (Tomie et al., 1991) or groups of cells (Gould
et al., 1990). It has been used to visualize the X-ray resist
relief of living sperm (Tomie et a., 1991). In principle it
should be possible to image cellular interactions and then

zoom into a defined location on the same cell to image mol-
ecular interactions. In this study we have used the AFM to
image interactions between neurons and glia, observe
dynamic surface and sub-membrane structures in these
living cells, and perform nanosurgery on selected cells.

MATERIALS AND METHODS

Cells

Postnatal hippocampi were freshly dissected from 1- to 5-day-old
Sprague-Dawley rat pups. Tissue was incubated for 1 hour at
36.8°C in Ca?*- and Mg?*-free Earle's balanced salt solution
(EBSS, pH 7.35; Gibco) containing papain (20 i.u/ml; Sigma),
Hepes (10 mM), L-cysteine (0.2 mg/ml), glucose (20 mM), peni-
cillin (100 i.u./ml), streptomycin (100 ng/ml). Tissue was washed
once with fresh EBSS and then placed in EBSS (pH 7.35) con-
taining Hepes (10 mM) and trypsin inhibitor (10 mg/ml, type Il-
O; Sigma) for 5 minutes. After being rinsed, the hippocampi were
mechanically dispersed by triturating through a fire-polished glass
pipette. Cells were plated onto poly-L-lysine (1 mg/ml, M, 10,000;
Sigma)-coated glass coverdips (Fisher Scientific no. 1, 12 mm
diameter) inlayed in a 35 mm culture dish. Cultures were main-
tained at 36.8°C in a humidified 5% CO2/95% air atmosphere.
Culture medium consisted of Eagle’s minimum essential medium
(Earle's sdlts; Gibco) supplemented 10% with heat-inactivated
fetal bovine serum (Sigma) and containing 40 mM glucose, 2 mM
L-glutamine, 1 mM pyruvate, 14 mM NaHCOs, penicillin (100
i.u/ml) and streptomycin (100 ng/ml) (pH 7.35). All experiments
were performed on cells that had been in culture for 1-4 days. The
dissociation procedure was modified from previously described
procedures (Heuttner and Baughman, 1986; Leifer et a., 1984,
Mattson and Kater, 1989).
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Fig. 1. Imaging of glutaraldehyde-fixed cells by the AFM. (A) A low-magnification image of atypical view of a hippocampal culture. In
(B) a higher-magnification image of atypical hippocampal growth coneis shown. A section through this growth cone (C; whitelinein B)
shows the height of the growth cone and afilopodium (Fp). The height of the filopodia of this growth coneis shown by the broken line
labelled 1. The height of 2 and 3~ the filopodial height is shown by the broken lines. Note that the growth cone has step changesin
height which correspond in size to a multiple of the filopodial unitary height. In (D) aglial cell is shown and sub-cellular structures, such
as the nucleus (Nu) and mitochondria (M) can be seen. Images shown in A and B were acquired in height mode while theimage in D was
acquired in error signal mode. Theimage sizesin A, B and D, were 70mm”~ 70 nm, 18 nm”~ 16 nmand 40 nm ~ 40 nm, respectively.

Fixation of cells

Cells were fixed for 30 minutes with 2.5% glutaraldehyde in EBSS
containing 10.6 mM sodium citrate. After extensive washing, cells
were dehydrated by addition of increasing concentrations of
ethanol (50%, 70% and 95% each for 5 minutes) and were air
dried.

Immunocytochemistry

Glia and neurons were identified in hippocampal cultures using
antibodies directed against glia fibrillary acidic protein (GFAP,
1:1000, Sigma) and neuron-specific enolase (NSE; 1:4000, Poly-
sciences), respectively. Antibody visualization was accomplished
by using an Elite Kit (Vector) and the nickel-enhanced DAB
method. Labelling was performed using techniques previously
described by Lartius and Uemura (1990).

Mitochondrial staining

The size and distribution of mitochondria in living cells were
determined by staining with a 10 nM solution of 4-(4-diethyl-
aminostyryl)-N-methylpyridinium iodide (4-dioASP;, Molecular
Probes, Inc., Eugene, OR) (Lichtman et a., 1987).

AFM imaging

A Nanoscope Il and associated equipment (Digital Instruments,
Inc., Santa Barbara, CA) and SiaN4 gold-coated cantilevers with
integral tips (“Nanoprobes’, Digital Instruments, Inc., Santa Bar-
bara, CA) were used in this study. To reveal height information
(height mode imaging) the voltage controlling the movement of
the piezo crystal is monitored. The accuracy of height informa-
tion is limited to 0.1 nm. In error signa mode (ESM), the change
in voltage from the photodetector due to cantilever movement is
displayed directly. At high feedback gains, ESM accentuates
changes in height rather than absolute height. When using living



cells we have found that ESM provides higher-contrast images of
sub-cellular structures, although accurate height information is not
resolved. All images were obtained at room temperature (22-
24°C). Cantilevers had a reported spring constant of 0.12 N/m.
All images of living cells were carried out in a fluid cell which
maintained hydration and osmotic properties of the biological
sample . Prior to imaging, cells were washed with imaging solu-
tion containing (in mM): NaCl, 150; CaCly, 2; Hepes, 10; KCI,
5; and MgCly, 2; pH 7.35; osmolarity, 330 mosM. Glass cover-
slips were mounted on metal discs and cells were imaged in a
fluid cell using imaging solution filtered through a 0.22 mm filter.
Imaging was carried out using a J scanner (132 nm ~ 132 nm)
calibrated by the manufacturer (Digital Instruments, Inc., Santa
Barbara, CA). The force during imaging and manipulations was
monitored twice, prior to and immediately after images were cap-
tured, and calculated within 30 s. To prevent damage of the
sample, the tip was engaged in a 0.1 mm ~ 0.1 nm area in the
center of the sample and the force was initially adjusted to about
5 nN (nano Newton). The scan area was then enlarged and the
images were collected immediately upon locating a feature of
interest.

RESULTS AND DISCUSSION

To evaluate the potential of the AFM to image neural cells
we first examined chemically fixed specimens. Mixed cul-
tures of neurons and glia from rat hippocampi were fixed
with glutaraldehyde, dehydrated and imaged in air. Fig. 1A
shows a typical example of a scan containing a neuron (N)
and glial cells (G). In this figure the neuron is attached to
the surface of a glia cell. The processes and growth cone
of the neuron can be traced on the glia cell and the struc-
ture of the glial cell can aso be visualized. A higher-mag-
nification image of a fixed neuronal growth cone, taken
from a different cell, is shown in Fig. 1B. The height of
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filopodia within an individual growth cone is constant. In
the growth cone shown in Fig. 1B, the filopodial height is
64 + 8 nm (mean £ s.d.; n = 14). In seven other growth
cones studied, a constant filopodia height was also detected
within a given growth cone. However, the filopodial height
ranged from 50 to 220 nm between different growth cones.
From three-dimensional examinations of 8 growth cones,
we observed step changes in growth cone height. The size
of many of these steps is an integer multiple of the height
of the attached filopodia (Fig. 1C). For example, step
changes in growth cone height from about 60 to 120 to 180
nm are readily observed in this growth cone whose filopo-
dia were about 60 nm thick. In other growth cones with a
different filopodial height, step changes in growth cone
height were a so seen. However, the repeating step size was
similar to the height of the attached filopodia. This suggests
that filopodia of different growth cones may have different
properties. Since filopodia are composed of actin filaments
(Bridgman and Dailey, 1989) which extend from the body
of the growth cone, it is possible that the repeating elements
seen in growth cones are overlying actin bundles that arise
from different filopodia.

In addition to imaging the surface topography of a cell,
we have found that sub-cellular organelles can be revealed
by scanning over the plasma membrane. Fig. 1D shows a
glial cell imaged in error signal mode. Sub-cellular struc-
tures such as the cell nucleus (Nu) and mitochondria (M)
are revealed in surprising detail. The size and distribution
of mitochondriain living cells determined by staining with
4-dioASP correspond to the size and distribution of mito-
chondria imaged by AFM.

Using living cells we have been able to reliably obtain
images of dynamic surface and sub-cellular events. Many
of the structures detected by the AFM in fixed material were

Fig. 2. Imaging of dynamic eventsin aliving cell. In (A) animage of aliving glia cell is shown. The nucleus (Nu) and filamentous (F;
arrowhead) structures of thisglial cell can be seen. In (B) and (C) higher-resolution images of the leading edge of this cell at two time
points reveal the movement of aforked filamentous structure. In (B) and (C) the original position of the filament is marked with an
arrowhead. Four minutes later in C the filament has moved 1.5 nm toward the stationary leading edge and its new position is marked with
an arrow. Images were acquired in error signal mode with aforce of 16 nN and image sizeswere60mm”~ 75mmin A and 35mm”~ 28

mminB and C.
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also observed in living cells. Fig. 2A shows a living glia
cell. The nucleus (Nu) as well as filamentous structures (F)
can be seen. However, for unknown reasons, mitochondria
have never been resolved in living cells. Imaging this glial
cell at higher resolution reveals morphologica changes over
time in the leading edge as well as in the location of fila-

ments. Studies using the XR1 glial cell line from Xenopus
(Henderson et a., 1992) have demonstrated that similar fil-
aments are actin based. To best reveal these filaments and
sub-cellular structures we found that a critical force had to
be applied to the cell. In this preparation, as the force was
increased from 5 to 16 nN the presence of filaments became

Fig. 3. Manipulation of living cells. The sequence of images A-D shows atemporal series that reveals morphological changesin living
glial cells and demonstrates that the scanning tip can be used to selectively remove cells from the culture substratum. In (A) aforce of 5
nN was used to image two neurons and two glial cells. With this force we are typically unable to detect filaments within glial cells. These
filaments only become apparent when imaging forces are increased (see Fig. 2). During image acquisition neuron N1 was damaged by the
scanning tip. Moreover, during the scan shown in A aneurite of the bipolar neuron N2 was cut by the scanning tip (arrow). In (B) the
scanning force was increased to 10 nN and neuron N1 was completely removed from the field. Between C and D the area boxed in C was
scanned with aforce of 60 NN (image not shown) in an attempt to remove the neuron from the culture substratum. The success of this
perturbation was confirmed by a subsequent full-field image (D; acquired with aforce of 5 nN), which showed that the neuron had been
removed from the substratum. Changesin glia cell shape and position were observed over time. Glial cell G1 became wider and thicker
during the course of image acquisition. The width change is especially apparent when A and D are compared. Parameters used to capture
images were: scan rate, 2 Hz; image size, 75 mm”~ 75 mm, and all images shown were acquired in error signal mode. Calculated heights
were obtained from associated height mode images (not shown). Forcesof 5nN in A, C and D and 10 nN in B were used for image
acquisition.



more pronounced. However, when excessive force was
applied, the tip irreversibly injured the cell. The location of
a forked filament is marked with an arrowhead a 0 min-
utes in Fig. 2B. Four minutes later (Fig. 2C) this filament
had translocated by about 1.5 mm toward a stationary por-
tion of the leading edge while other structures remained sta-
tionary. Thus, the AFM can reveal dynamic processes
within living cells.

The ability to detect changes in cellular structuresis fur-
ther exemplified in Fig. 3, which shows a mixture of living
neurons and glia. The width and thickness of a glia cell
(G1) changed with time in culture. At its minimum width
thisglia cell measured 10 nm (Fig. 3A). However, 36 min-
utes later (Fig. 3D) the minimum width changed to 16 nm.
Accompanying this change in cell width, the cell thickness
changed from 0.7 to 1.2 mm at 20 and 32 minutes, respec-
tively (data not shown). In addition to changes in cellular
morphology, the shape of the cell-cell contacts between two
glia cells (G1 and G2) changed over the course of the 36-
minute imaging period.

A potential problem with the AFM is that the imaging
tip exerts force on the biological sample being studied. We
investigated the sensitivity of neurons and glia to forces
exerted by the scanning tip. Neurons were particularly sen-
sitive to tip-applied forces. Thisis shown in Fig. 3A, where
aforce of 5 nN damaged neuron N1 part way through the
scan and also cut part of the arbor of neuron N2. The neuron
N1 was completely removed from the culture dish when
scanning force was increased to 10 nN (Fig. 3B). A second
example is shown in Fig. 3C,D. After the image shown in
Fig. 3C was captured with a force of 5 nN, a force of 60
nN, which reliably removes neurons from the culture sub-
stratum (see below) was selectively applied to neuron N2
(boxed areain Fig. 3C,D; image not shown). The increased
force removed this neuron from the culture dish as can be
seen in Fig. 3D, which is a subsequent image acquired with
a scanning force of 5 nN. In separate experiments (data not
shown) we have found that it is also possible to perform
“nanosurgery” and cut neurites, remove growth cones and
even transect single filopodia

The minimum force which removes neurons from the
culture substratum (5-36 NN; n = 5) causes no detectable
effects on glial cdls. Glial cells were removed from the
culture substratum only when the imaging force was
increased to 60-84 nN (n = 5). The differential sensitivity
of neurons and glia to tip-applied forces indicates a poten-
tial application for AFM, since it may be possible to deter-
mine the relative cell adhesion to various substrata by cal-
culating the forces required to peel a cell from the
substratum.

The precise mechanism of cell peeling using the AFM is
not known. However, our data suggest that when the tip
reaches the cell boundary during a horizontal scan, if suf-
ficient vertical force is being applied to the substratum the
tip will roll the cell away from the culture substratum.
Parpuraet a. (unpublished data) have demonstrated at inter-
mediate forces that it is possible to detect this peeling
process, since the edge of acell isrolled, much like a crepe,
during the scanning process.

This report demonstrates that it is not only possible to
image living cells in three dimensions using AFM, but also
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to manipulate them and reveal structural dynamics. The
changes in cell morphology observed over time are not
restricted to structures on the cell surface. One of the most
widely exploited features of the AFM has been its ability
to image hard structures at very high resolution (Gould et
a., 1990). It is more difficult to image molecules on soft,
living cells. However, by using antibodies that have been
imaged by AFM (Weisenhorn et a., 1990), it should be
possible to locate and visualize specific molecular species
on living cells while observing cell surface dynamics.
Moreover, taking advantage of the AFM’s ability to apply
controlled forces to defined cellular locations and to per-
form nanosurgery, this instrument will make possible the
study of cell biology at a level of resolution previously
unobtainable with living specimens.
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