Actin Filament Dynamics in Living Glial Cells
Imaged by Atomic Force Microscopy
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Observation of filamentous actin (F-actin) in living cells is currently limited to the resolution
of the light microscope. Higher resolution procedures require sample fixation and preclude
dynamic studies. The atomic force microscope (AFM) can image and manipulate samples
at very high, sometimes atomic resolution by scanning a fine tip over the surface of interest
and detecting physical interactions between the tip and sample. This study demonstrates
that F-actin can be readily resolved in living cells with the AFM and that the dynamic

properties of F-actin are easily observed.

The cytoskeleton is a dynamic structural
framework fundamental to cell function.
Filamentous actin is a major constituent of
the cytoskeleton and plays important roles
in cell motility, regulation of cell shape,
and intracellular transport (I). Previous
work has shown that the AFM (2) can be
used to explore biological processes and
structures, including fixed and living cells
(3, 4). We studied the cytoskeletal network
in living cells with the AFM. An amphib-
ian cell line was isolated from Xenopus laevis
retinal neuroepithelium (5). This cell line,
designated XR1, has been characterized as a
glial cell line on the basis of the immuno-
cytochemical localization of glial cell mark-
ers such as glial fibrillary acidic protein and
vimentin. The XR1 cells support neurite
outgrowth and deposit an extracellular ma-
trix that is also capable of promoting axonal
outgrowth.

To begin a detailed analysis of surface
features with the AFM, we plated XR1 glial
cells on glass cover slips that were coated
with collagen or a basement membrane
preparation composed primarily of entac-
tin, collagen, and laminin (ECL). Live
XR1 glial cells were imaged in growth
media. Typical images collected in two
different modes at applied vertical imaging
forces between 10 and 30 nN are shown in
Fig. 1. Transient increases in imaging force
as the scanning tip encountered a rapid
change in topography were as high as 12
nN, producing total imaging forces of 42
nN. Images collected in height mode (Fig.
1A) provide precise information regarding
surface topography and produce accurate
three-dimensional (3-D) images of the cell
(6). In contrast, data collected in error
signal mode (Fig. 1B) emphasize changes in
elevation (similar to a first derivative of a
height mode image), thereby providing im-
ages that have fine surface detail but lack
quantitative height information (7). In
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many cases, only portions of the cells were
observed because the cells are frequently
larger than the maximum field size (132 wm
by 132 um).

After XR1 cells have attached to the
substrate, they begin spreading to achieve a
relatively flattened morphology. The mar-
gins of the cultured glial cells are similar to
migrating neuronal growth cones and are
comprised of lamellae of two distinct forms:
(i) a lamellipodium at the cell margin that
spreads and attaches in a flattened form to
the substrate and (ii) filopodia, spike-like
protrusions that also arise from the cell
margin. Changes in these morphological
features and additional changes in internal

Fig. 1. AFM images of living XR1 glial cells. (A)
AFM image of an XR1 cell collected in an
imaging mode in which the true height of the
specimen is revealed (height mode). The 3-D
presentation, in which the cell is artificially
illuminated at a 30° angle from behind, illus-
_ trates this capability. In this example, a portion
of the nucleus is saturated because its height
exceeded the z-axis detection limit. The field
size is 132 um by 132 um. (B) AFM image of an
XR1 cell collected in error signal mode, an
imaging mode that emphasizes surface detail
of the specimen but lacks the precise height
information provided by height mode. N, nucle-
us; F, filament. The field size is 85 pm by 85
pm. Unless otherwise noted, applied vertical
imaging forces were typically 10 to 30 nN
[based on cantilever spring constant values
supplied by Digital Instruments (Santa Barbara,
California)]. Transient force increases were as
high as 12 nN above the applied vertical equi-
librium force. The AFM used was a Nanoscope
Il (Digital Instruments). Cantilevers were com-
mercial 200-um silicon nitride (Digital Instru-
ments) with integral pyramidal tips and spring
constants estimated to be 0.12 N per meter by
the manufacturer. We prepared substrates by
coating acid-washed, 12-mm glass cover slips
with collagen (rat tail; Sigma) or ECL (Upstate
Biotechnology, Inc., Lake Placid, New York) at
a final concentration of 5 pg/ml. XR1 glial cells
were then plated on these coated cover slips at
a density of 4000 cells per milliliter. Glial cells
were cultured in L-15 medium (60%) (Sigma)

structures over time clearly indicated that
the cells were alive during imaging with the
AFM. A series of images collected over 40
min is shown in Fig. 2. The edge of the
XR1 glial cell underwent obvious morpho-
logical changes during this time period.
Filamentous structures that displayed dy-
namic properties were commonly observed.
For example, the spacing between two fila-
ments (arrowheads at 8 and 16 min in Fig.
2) increased by 3 pm in 8 min.

Confocal laser scanning microscopy of
individual identified cells after AFM imag-
ing, fixation, and rhodamine-phalloidin
staining demonstrated that the filaments
observed with the AFM were, in fact, actin
filaments (Fig. 3A). Treatment of the cells
with cytochalasin B, a fungal toxin that
inhibits actin polymerization, resulted in a
change in morphology that included loss of
the filamentous structures (Fig. 3B). Fluo-
rescence staining indicated that both the
lamellipodia and the filopodia contain F-ac-
tin and microtubules (B-tubulin). Howev-
er, microtubules apparently contributed lit-
tle to the filamentous structures observed by
the AFM. Double-labeling studies with
rhodamine-phalloidin and monoclonal an-
tibodies to B-tubulin demonstrated that
tubulin is more conicentrated in the perinu-
clear region of the cells. Confocal micros-
copy indicated that microtubules generally

supplemented with fetal bovine serum (10%) and Fungibact (1%) (Sigma).

SCIENCE ¢ VOL. 257

25 SEPTEMBER 1992



Hi

Fig. 2. Temporal sequence of AFM images of
an XR1 glial cell. Over the 40-min time course
shown, many changes in the morphology of the
edge of the cell as well as of internal filaments
(F-actin) are apparent. Arrowheads in the 8-
and 16-min time frames indicate the position at
which an increase of 3 um in the spacing
between two filaments occurred in an 8-min
period. Some drift occurred during image ac-
quisition so that more of the cell was observed
at later times. The white spot below the cell
edge was a fortuitous static positional marker,
and true cell movement can be determined
relative to this marker. Data was collected in
height mode. Scale bar = 50 pm.

lie beneath actin filaments in these cells.
Thus, it is possible that they are hidden
from the AFM scanning tip by the overly-
ing actin filament networks. Moreover, mi-
crotubules may be more susceptible to per-
turbation by the scanning tip than F-actin
and therefore may be difficult to detect
under the imaging forces used.

The AFM can image actin filaments
through the plasma membrane without ap-
parent damage to the cell. Images of sub-
surface cellular features may be obtained by
the AFM in several ways. For instance, the
surface of the plasma membrane may con-
form to the shape of the underlying rigid
filaments (Fig. 4A). In this case, the scan-
ning tip would follow the plasma membrane
surface contours, creating a topographical
map of the cytoskeletal elements close to
the surface. The limit of resolution would
then be a function of the pliability and
thickness of the plasma membrane, and
individual F-actin filaments within actin
bundles may therefore be obscured.

A second possibility is that the scanning
tip penetrates the fluid membrane during
imaging (Fig. 4B). For instance, the force
necessary to perturb a Langmuir-Blodgett
(LB) film by the AFM has been calculated to
be less than 1 nN (8); the applied vertical
forces used in this study were between 10
and 30 nN, well above this limit. The
plasma membrane is significantly more ro-
bust than an LB film and may be able to
withstand considerably higher imaging
forces. However, we find that after depolym-
erization of F-actin by treatment with cy-
tochalasin B, the remaining membrane ap-
pears fragile and highly susceptible to pertur-
bation by the scanning tip (Fig. 3B), which
suggests that the underlying filaments were
reinforcing the membrane and that in their
absence the scanning tip easily disrupts it.
Thus, it is formally possible that the AFM
scanning tip penetrates the plasma mem-
brane while imaging and that the underlying
cytoskeleton helps maintain cell integrity

REPORTS

Fig. 3. Filaments revealed
by the AFM correspond to
F-actin. In (A) a pair of glial
cells was imaged by the
AFM (left panel) and con-
focal laser scanning mi-
croscopy (middle and right
panels). The filaments in
the live XR1 glial cell im-
aged by the AFM corre-
spond to those in the F-ac-
tin image (rhodamine-phal-
loidin stained), but not to
those in the B-tubulin im-
age (stained by antibody
to B-tubulin) in the same
cells after fixing (9). The
time between AFM imag-
ing and fixation, as well as perturbation of the cell structure by the fixation process, results in some
morphological differences in the living (AFM) and fixed cell images. The field size is 85 wm by 85
wm. (B) AFM images of an XR1 cell before (left) and immediately after (within 4 min) addition of
cytochalasin B, a compound that inhibits actin polymerization (9). Note the apparent sensitivity of
the remaining membrane (right) to the force applied by the scanning tip after loss of actin filaments.
Scale bar = 50 pm.

B-tubulin

Fig. 4. The compliance or fluidity A
of the plasma membrane is im-
portant for imaging internal struc-
tures in living cells by the AFM.
Imaging mechanisms that would
reveal cytoskeletal features in liv-
ing cells include (A) the mem-
brane deformation model and (B)
the membrane penetration model.
In (A), the plasma membrane is C
flexible and conforms to the con- |
tours of the underlying cytoskele-
ton. The scanning tip (pyramid)
does not directly contact the cy-
toskeleton in this model. In (B),
the scanning tip penetrates the
plasma membrane and contacts
the cytoskeletal elements below.
(C) AFM images of a living glial
cell, illustrating the ability of the
ceII membrane to reseal after
“nanosurgery” by the scanning . -

tip. A force of >100 nN was applied to the cell in a square raster pattern in the area mdlcated by
the white box in the image on the left. Subsequent imaging with a smaller force (10 nN) revealed that
the cell was still viable, and the hole generated by the scanning tip apparently sealed around the
edges, maintaining cellular integrity. Data were collected in error signal mode. Scale bar = 50 um.
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during this process. Application of a large
imaging force (applied vertical force >100
nN) to a selected region of a living cell
produced a hole in the cell without jeopar-
dizing cell viability (Fig. 4C). This “nano-
surgery” experiment was readily reproduc-
ible. The hole may result from fusion of the
two bilayers under pressure from the AFM
tip and cannot be taken as direct evidence of
a single bilayer penetration mechanism.
Nonetheless, these data show that a living
cell can withstand severe perturbation of the
plasma membrane by the scanning tip, a
quality that may prove very useful in future
studies of living cells by the AFM.

Although the AFM is considered a sur-
face probe, it is capable of imaging subsur-
face features such as F-actin within living
cells. The AFM can collect 3-D data and is
capable of higher resolution imaging than
conventional optical microscopes on many
surfaces. If this resolving capability can be
realized with living cells, the AFM should
prove a powerful tool for the investigation
of dynamic interactions between cell sur-
face and subsurface structures, a critical step
in many signal transduction pathways.
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was diluted 1:150 in PBS. Cultures were incubat-
ed with rhodamine-phalloidin (1:30) in 0.3% Triton
X-100 in PBS for 30 min after the incubations in
the secondary antibodies in the dark at room
temperature. Cultures were then rinsed three
times in PBS and mounted on glass microscope
slides with Gelmount (Fisher). Fluorescence was
detected with an Odyssey confocal laser scan-
ning microscope (Noran Instruments, Middleton,
WI). For the cytochalasin B sensitivity experiment,
cytochalasin B (Sigma, dissolved at a final con-
centration of 20 mM in dimethyl sulfoxide) was
diluted to 10 uM with growth medium. During
scanning, the cytochalasin B was added from the
side with a fine glass needle to the AFM fluid cell
(Digital Instruments) in which the O-ring seal had
been omitted. Approximately 10 ul of cytochala-
sin B solution was added to the 200-p.! imaging
chamber to give a final concentration of ~0.5 uM.

Addition of the cytochalasin B took approximately
30 s; the image shown (Fig. 3B, right panel) was
acquired immediately after cytochalasin B addi-
tion for a total time course of approximately 4.5
min. The ports in the fluid cell were not used to
avoid detrimental hydrodynamic effects on image
acquisition and cell adhesion.
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Multiple Zinc Finger Forms Resulting from
Developmentally Regulated Alternative Splicing
of a Transcription Factor Gene

Tien Hsu, Joseph A. Gogos, Susan A. Kirsh,* Fotis C. Kafatost

Transcripts encoding the Drosophila putative transcription factor CF2 are subject to de-
velopmentally regulated alternative splicing, and they encode protein isoforms that differ
in the number of zinc fingers. One testis-specific RNA encodes an isoform that includes
three zinc fingers and a frame-shifted segment. Two other transcripts encode isoforms with
six and seven zinc fingers which bind to distinct promoters and DNA target sequences.
Thus, because of alternative splicing, a single gene appears to encode distinct DNA-
binding proteins, each capable of regulating different gene sets in different tissues and

developmental periods.

Transcription factors can serve as devel-
opmental switches, that is, they turn spe-
cific sets of genes on or off at appropriate
locations and at different times during
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development (I). Transcription factors
cannot be regulated only by transcription,
because such regulation would require an
infinity of factors. Their posttranscription-
al modulation occurs by alternative splic-
ing (2), intracellular compartmentaliza-
tion (3), interaction with inhibitors (4),
translational regulation (5), or posttrans-
lational modification such as phosphoryla-
tion (6). We now present evidence that
posttranscriptional regulation of a Cys,-
His, zinc finger factor can occur by alter-
native splicing within the DNA-binding

+To whom correspondence should be addressed. domain, thus utilizing the modularity of

Fig. 1. Nucleotide sequence of the CF2 gene coding strand and derived amino acid sequences.
Exon sequences are numbered consecutively from the first of three mRNA 5’ ends () detected by
primer extension (8). In the 5’ untranscribed region, the TATA box (ATATA) and a partial match to
the CF2-| protein binding consensus (TATATTATA) are shown in upper case; bold lower case
indicates nucleotides flanking the consensus, which are encompassed in CF2-| protein footprints
(Fig. 3B). Portions of the intron sequences near the splice junctions are shown in lower case but not
numbered. (y—) indicates splice donor and (—y) splice acceptor sites. Possible zinc finger motifs
in the peptide sequences are underlined, and designations (f1, f2) on the left mark their beginnings.
The additional line of peptide sequence (italicized) from position 1505 on is the frame-shifted CF2-11l
peptide. Arrows above the nucleotide sequence indicate the oligonucleotide primers used in PCR
reactions (Fig. 2, C and D). Underlined residues in the 3’ untranslated region indicate possible
polyadenylation signals, which are consistent with the 3’ ends of cDNA clones (vertical arrow
heads) and the results of S1 protection assays (8). The designations for amino acid residues are in
the standard single-letter code: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys;
L, Leu; M, Met; N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and.Y, Tyr.
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