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Summary
An understanding of the mechanisms driving cell motility
requires clarification of the structural organisation of actin
filament arrays in the regions of cell protrusion termed
lamellipodia. Currently, there is a lack of consensus on
lamellipodia organisation stemming from the application of
alternative procedures for ultrastructural visualisation of
cytoskeleton networks. In this study, we show that cryoelectron microscopy of extracted cytoskeletons embedded
in a thin layer of vitreous ice can reveal the organisation of

Introduction
The first sign of movement of a eukaryotic cell is the protrusion
of a thin sheet of cytoplasm from its periphery, around 0.2 µm
thick, called a lamellipodium (Abercrombie et al., 1971).
Lamellipodia can extend up to several micrometers and their
protrusion is driven by the polymerisation of actin filaments,
which form their structural core (reviewed by Small, 1988;
Pantaloni et al., 2001). How actin filaments are engaged in
protrusive events is a long standing question that now receives
keen attention with the recent discovery of several of the
molecular players involved in lamellipodia formation
(Machesky and Insall, 1998; Higgs and Pollard, 1999;
Pantaloni et al., 2001). Among these players is the ubiquitous
Arp2/3 complex, which is uniformly distributed in
lamellipodia (Welch et al., 1997) and whose role in protrusion
appears essential (Machesky and Insall, 1998).
When actin is polymerised in vitro, together with the Arp2/3
complex, branched arrays can be observed (Blanchoin et al.,
2000) that arise from the integration of the Arp2/3 complex
into the branch points (Pantaloni et al., 2001; Volkmann et al.,
2001). The relevance of such actin branching to the in vivo
situation was suggested by studies that applied a modified
method of critical point drying for electron microscopy and
immuno-electron microscopy to the actin cytoskeleton
(Svitkina et al., 1995; Svitkina and Borisy, 1998; Svitkina and
Borisy, 1999). In captivating images of lamellipodia from
keratocytes and fibroblasts, branched arrays of actin filaments
were identified and the Arp2/3 complex was localised at the
putative branch sites. According to these findings and those of
the in vitro studies (Mullins et al., 1998), Svitkina and Borisy
have proposed ‘treadmilling of a branched actin array’ to
explain lamellipodia protrusion (Svitkina and Borisy, 1999).
However, the credibility of this model rests on the assumption

cytoskeletal elements at high resolution. Since this method
involves no dehydration, drying and contrasting steps that
can potentially introduce subtle distortions of filament
order and interactions, its application opens the way to
resolving the controversial details of lamellipodia
architecture.
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that the method adopted for electron microscopy delivers a
faithful image of actin filament networks in situ.
We have previously highlighted the particular susceptibility
of actin filament networks, as observed in lamellipodia, to
distortion during various preparative steps commonly used in
electron microscopy (Maupin-Szamier and Pollard, 1978;
Small, 1981; Small, 1985; Small, 1988; Small et al., 1999).
And since obvious filament branching was not previously
observed in lamellipodia prepared by negative staining
methods (reviewed by Small et al., 1999), the possibility of
artefacts by one or another method must be seriously
considered. In this connection, we have more recently shown
(Resch et al., 2002) that the branching of actin filaments is
induced in concentrated suspensions of pure F-actin by the
same critical point procedure as used previously on
cytoskeletons (Svitkina and Borisy, 1999). To resolve current
discrepancies over lamellipodia organisation, including the
differences observed in quick-freeze deep-etch preparations
(Heuser and Kirschner, 1980; Hartwig and Shevlin, 1986;
Flanagan et al., 2001), alternative methods must be adopted for
structure analysis.
A method that obviates steps that could introduce artefacts
is cryo-electron microscopy (see also Discussion). To date, this
method has been applied mainly to viruses (Böttcher et al.,
1997; Baker et al., 1999), membrane proteins (Henderson et
al., 1990; Miyazawa et al., 1999), macromolecular structures
(Frank et al., 1995; Schatz et al., 1995) and helical structures
(Amos, 2000; Beuron and Hoenger, 2001); examples of larger
structures in vitreous ice are limited (reviewed by McIntosh,
2001). In the present study we demonstrate the feasibility of
applying cryo-electron microscopy to cytoskeletons and in
particular to the analysis of lamellipodia architecture. This first
report opens the way to resolving current discrepancies over
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filament-filament interactions in this vital organelle of cell
motility.
Materials and Methods
Holey carbon support films
As a growth substrate for cells we used holey support films. The
method for making holey formvar films that gave the most suitable
number and size distribution of holes (see Results) was derived from
that described in Hodgkinson and Steffen (Hodgkinson and Steffen,
2001). After addition of five droplets of 50% glycerol to 50 ml of a
0.5% solution of formvar in chloroform, the solution was shaken
vigorously for 1 minute and the resulting turbid sol sonified for
3 minutes with a microprobe sonicator at 400 W. Immediately after
sonication, a cleaned slide was dipped into this solution and the dried
film floated onto a water surface. 200 mesh Ni grids or H2 Ni finder
grids (Graticules Ltd., Tonbridge, UK) were placed on the film, which
was recovered by a piece of filter paper. Following drying, the
formvar/grids/filter paper assembly was placed onto a bed of filter
paper saturated with methanol for 10 minutes to perforate
pseudoholes. The dried assembly was transferred to an Edwards 306
high vacuum evaporator and coated with a heavy dark grey layer of
carbon from a pointed source. The residual formvar film was
subsequently dissolved by a 2 hour incubation on a bed of filter paper
saturated with 1,2-dichlorethane. After final drying, the grids were
stored individually in grid boxes.
Video microscopy
For live imaging of cells moving over holey films, we used GFP-actin
or GFP-VASP transfected stable B16F1 clones (Ballestrem et al.,
1998; Rottner et al., 1999). The holey carbon support films were UV
sterilised, coated on the filmed side with laminin (Sigma, Vienna;
floating on a drop of 25 µg/ml in PBS for 1 hour) for improved
spreading of the cells, rinsed twice with PBS (150 mM NaCl, 3 mM
NaH2PO4, 8 mM Na2HPO4, pH 7.4) and immediately transferred to
dishes with cell culture medium (for details, see Hahne et al., 2001).
B16 cells were plated on these films and allowed to spread overnight.
Individual grids were mounted upside-down in microscopy medium
(Ham’s F12 medium, Sigma-Aldrich, Austria, with 10% FCS) with
aluminum fluoride (50 µM AlCl3, 30 mM NaF final concentration) in
a 37°C heat controlled chamber; the mount consisted of two pairs of
sandwiched grids as lateral clips that were fixed by grease to a coverslip
and that held the grid above the coverslip surface, with the cells down.

Video microscopy was carried out as described (Hahne et al., 2001)
using a 63× oil immersion lens and with acquisition of fluorescence and
phase contrast image pairs at intervals of 25 seconds. The individual
contrast enhanced frames from the fluorescence channel were aligned
with the help of the hole pattern seen in phase contrast and merged with
a phase contrast image previously enhanced with an edge filter.
Preparation of extracted cytoskeletons
B16F1wt mouse melanoma cells (American Type Culture Collection)
were plated on the holey carbon films and allowed to spread overnight
as described above. The formation of extensive lamellipodia was
induced by the application of aluminum fluoride 20-30 minutes prior
to fixation. Cells were washed briefly with prewarmed PBS and
extracted with one of two protocols previously used as a first step for
subsequent negative staining (Small and Sechi, 1998) or critical point
drying (Svitkina and Borisy, 1999). (1) Extraction/fixation in 0.25%
Triton X-100 and 0.5% EM grade glutaraldehyde (GA) in
cytoskeleton buffer (CB; 150 mM NaCl, 5 mM EGTA, 5 mM MgCl2,
5 mM glucose, 10 mM MES, pH 6.1) for 1-5 minutes; or (2) extraction
in 1% Triton X-100 in PEM (1 mM MgCl2, 1 mM EGTA, 100 mM
PIPES pH 6.9) with added 4% polyethylene glycol (PEG), molecular
mass 20 kDa. Both extraction solutions included Alexa Fluor 488
phalloidin (Molecular Probes) at a dilution of 1:300 (22 nM) as an
actin filament label for correlative light microscopy. In both cases the
cytoskeletons were post-fixed with 1% GA in CB for 20-60 minutes
with the same amount of fluorescently labelled phalloidin added.
Some samples on finder grids were transferred to a chamber filled
with CB mounted on an inverted fluorescence microscope for
‘mapping’ of cells prior to electron microscopy. Images were taken in
both phase contrast and GFP fluorescence channels and merged after
edge filtering of the phase contrast image. Immediately before
freezing, the samples were washed with CB briefly, mounted in the
freeze plunger, blotted on the front (cell) side and plunged into liquid
ethane. The grids were stored in water-free liquid nitrogen until
inspection.

Electron microscopy
Frozen hydrated samples were examined with a Philips CM 200 FEG
at 200 kV in TEM low-dose bright-field mode. A GATAN 626
cryostage cooled to approximately 90 K by liquid nitrogen was used.
An optimal balance between contrast and resolution was given at a
defocus of –2.5 µm, which is within the range applied by Lepault et

Fig. 1. Time lapse series
of lamellipodia crossing
the holes of a perforated
film. (A) GFP-actintransfected B16F1
melanoma cell; the holes
in the lamellipodium
region in this sequence are
1-2 µm in diameter.
(B,C) GFP-VASPexpressing B16 cells. The
central 2 µm (B) and
4 µm (C) holes are
indicated by arrowheads;
the 4 µm hole causes a
temporary delay in local
protrusion. Each sequence
covers approximately
10 minutes. Bar, 10 µm.
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Fig. 2. Images of the actin
cytoskeleton in frozen hydrated
samples; the cytoskeletons were
produced by 1 minute extraction
in the Triton/GA mixture.
(A) A filopodium protruding at
the cell’s edge; in the top right
corner, another thick filopodium
is seen. (B) A lamellipodium
showing a relatively sparse
network, together with filaments
arranged parallel to the edge,
probably corresponding to a
non-protruding region (see text).
(C) Sparse actin networks found
in regions deeper inside the
lamella; the globular structures
of approximately 20×30 nm
seen frequently are interpreted
as ribosomes. (D) Another
lamella region showing F-actin,
microtubules and ribosomes.
Bar, 200 nm.

al. on synthetic actin filaments (Lepault et al., 1994); typically, holes
of a diameter between around 1.5 and 3.0 µm were used for imaging.
Since the cell’s outline was almost impossible to localise at low
magnification, images were taken either in proximity of the clearly
visible perinuclear area or according to coordinates established by
mapping in the fluorescence microscope.
Electron micrographs were acquired on 3.25×4 inch Kodak
Electron SO-163 plate film; negatives were digitised with a Zeiss
SCAI or with an Umax Astra 2400S scanner, both using a resolution
of 21 µm. For improvement of image quality, a high pass filter (Adobe
PhotoShop 5.5) was applied to all images, together with an
appropriate adjustment of contrast.

Results
Holey films as a cell substrate
In frozen hydrated samples, contrast is obtained by defocusing
only and, in order to reduce background, suspensions of
molecules and filaments are commonly viewed in film-free

areas of highly perforated support films. For cells, this option
is not possible; however, the use of holey carbon films with a
substantially lower hole/film ratio as a growth substrate
offered a solution. The problem here was to create a range of
hole sizes at a density distribution that still allowed normal
cell spreading and movement (see Materials and Methods).
Motility on the films was analysed by video microscopy of
B16 melanoma cells (Fig. 1), which express either GFP-actin
(Ballestrem et al., 1998) or GFP-VASP (Rottner et al., 1999).
GFP-VASP marks the front edge of the lamellipodium and is
therefore a particularly good marker for shape perturbations.
As shown in Fig. 1A,B, the movement of lamellipodia was
unperturbed when crossing holes of 2-3 µm in diameter. Holes
of 4 µm (Fig. 1C) were also readily traversed but, in this case,
advance of the lamellipodia lateral to the hole was required to
support translocation over the hole. Therefore, holes in the
range of 2-3 µm diameter were targeted in the present
analysis.
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Fig. 3. Lamellipodia regions in
mouse melanoma cells, extracted
either with the
Triton/glutaraldehyde mixture (1
minute; A,C) or with Triton/PEG
(B). The grainy aggregates seen
in (B) are typical of this
extraction procedure. In C, the
very front of the lamellipodium
is 0.2 µm from the top edge, in
the direction indicated by the
arrowhead. Bar, 200 nm
(A,B); 200 nm (C).

Cryo-EM yields high resolution images of the
cytoskeleton
In the cryo-electron microscope, the outline of cells was not
obvious and only correlative light and electron microscopy or
changes in ice thickness allowed their approximate location.
By selecting holes in such regions where the ice layer was
sufficiently thin, clear images of actin filament arrays and
microtubules were obtained (Figs 2, 3). Fig. 2A and B
correspond to peripheral regions showing a filopodium (A) and
a lamellipodium (B), while Fig. 2C and D show interior lamella
regions. The high incidence of filaments running closely
parallel to the cell front in Fig. 2B suggests that this region was
more or less stationary at the time of fixation (Rinnerthaler et
al., 1991).
Further images of lamellipodia are shown in Fig. 3 and
exhibit a filament organisation more typical of protruding
regions of B16 melanoma cells, as judged by the use of
negative staining on cells fixed during active protrusion
(Rottner et al., 1999) (J.V.S., unpublished). This figure shows

lamellipodia from cytoskeletons extracted by the two
alternative procedures described in Materials and Methods and
corresponding to an initial Triton/GA treatment in Fig. 3A,C
and a Triton/PEG extraction in Fig. 3B. For the PEG method
(Svitkina and Borisy, 1999), we consistently observed dense
aggregates of material that were not removed by relatively
extensive washing in buffer and that were concentrated, in
particular, at the lamellipodium tip (presumably PEG). We
observed similar aggregates in negatively stained samples
extracted with the same protocol (J.V.S., unpublished).
Nevertheless, the contrast and organisation of filaments in
lamellipodia was comparable for both extraction methods. Fig.
3C shows a medial region of a lamellipodium; the clarity of
the filament organisation is surprisingly close to that observed
by the negative staining procedure (Small, 1988; Small et al.,
1999). The actin filament substructure is clearly resolved in
these images.
Tracing of filaments in single cryo-EM images to estimate
the mean length is limited by several factors including the

Cyro-EM of the actin cytoskeleton
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Fig. 4. Correlation of light microscope and cryo-EM images. (A) Phalloidin-actin stain merged with a filtered phase contrast image of the holey
film. (B,C) Details from the labelled holes in (A), showing actin filaments, microtubules and ribosomes. Bar , 20 µm (A); 200 nm (B,C).

dimension of the hole, the high filament density and low
filament contrast. Nevertheless, filaments up to 0.5 µm in a
1 µm region at the front of protruding edges could be observed.
In an initial analysis, we manually traced filaments and scored
the length distribution. These measurements showed that
approximately 30-35% of the total filament length was
contributed by filaments longer than 200 nm. Further analysis
using other processing procedures or stereo imaging will be
required to obtain a more reliable estimate.
In this first report, we have not made direct correlations of
the same regions in cells by video microscopy and cryo-EM.
However, the feasibility of the approach is indicated in Fig. 4.
Thus, the combined use of finder grids and the irregular hole
pattern of the films allows the location of specific areas in the
cryo-EM with cells labelled with a fluorescent marker. The
globular structures in Fig. 4B,C are interpreted as ribosomes
retained in the cytoskeleton.
Discussion
All studies of cytoskeletal architecture of whole mount cell
preparations have so far relied on protocols involving
detergents to remove the cell membrane, either before or
during fixation. Both our own results (data not shown) with
unextracted frozen hydrated cells as well as the data from
previous studies (O’Toole et al., 1993) show the need for
extraction in order to visualise the actin system with full clarity.
This represents a limitation that has yet to be properly
controlled with regard to the relative loss of lamellipodia
components. Nevertheless, such protocols applied to living
cells under direct observation in the light microscope have been
shown to preserve cell morphology (Rinnerthaler et al., 1988;
Rinnerthaler et al., 1991; Svitkina and Borisy, 1999; Small et
al., 1999) and to retain lamellipodia-associated proteins (Small
et al., 1982; Hartwig and Shevlin, 1986; Svitkina and Borisy,
1999; Rottner et al., 1999; Flanagan et al., 2001), although the
amounts retained have yet to be quantitated.
Following extraction and fixation, the different EM
procedures that have been applied require one or more
preparative steps. The critical point drying procedure entails
the most steps, including post-fixations with tannic acid and

uranyl acetate, dehydration in ethanol, critical point drying and
shadowing (Svitkina and Borisy, 1999). By contrast, negative
staining is a one step drying and contrasting procedure. Quick
freeze deep etching and cryo-EM share a similar freezing step,
following blotting of excess liquid, but the deep etch method
requires further steps of ice sublimation under vacuum and
contrasting by shadowing (Heuser and Kirschner, 1980). An
important difference between the two freezing methods, apart
from the sublimation step, lies in the possibility of cryo-EM to
directly assess the local quality of freezing, namely whether
the ice was vitreous or not. With the reservations already noted
on the extraction protocol, the cryo-EM method therefore
offers the least possibility of creating artefacts in filament
organisation. The disadvantage of the method lies in the need
to restrict viewing through holes in the substrate, in addition
to the expensive instrumentation and demanding imaging
protocols.
The validity of analysing lamellipodia structure over holes
is indicated by the known characteristics of lamellipodia
protrusion. As others have shown, the extension of
lamellipodia can readily occur above a substrate (Izzard and
Lochner, 1980). In the case of B16 melanoma cells, advancing
lamellipodia are typically 2-5 µm across and protrusion on
laminin is supported by adhesion at the lamellipodium base by
focal complexes (Rottner et al., 1999). It can therefore be
assumed that lamellipodia extending over holes of 2-3 µm in
diameter have a structure typical of neighbouring regions
extending over substrate. The present findings thus pave the
way for a critical analysis of lamellipodium architecture. By
pursuing this approach in combination with 3D imaging
(Grimm et al., 1997) it should be possible to reach a consensus
on the extent of actin filament branching in lamellipodia.
Likewise, future prospects include a more precise localisation
of the many lamellipodia-associated proteins (reviewed by
Small et al., 2002) to shed further light on the structurefunction relationships underlying actin-based protrusion in cell
motility.
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