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I. INTRODUCTION

It is not without foundation that a good deal of
data on cell ultrastructure, served up in the name
of electron microscopy, is received with confusion
and scepticism by non-practitioners of the art. This
is hardly surprising when electron microscopists,
entrenched in one or another technique, fail to
reach agreement even among themselves. A case in
point is the cytoplasmic matrix, an entity that in
recent years acquired an almost ethereal status
(Porter, 1984). T shall start by making the not
unfounded assumption, made also indirectly by
others (Heuser and Kirschner, 1980; Weber, and
Osborn, 1985) that the ‘cytomatrix’ and the ‘cyto-
skeleton’ are one and the same thing and that
structural elements of the cytoplasm are com-
ponents that belong to the cytoskeleton. ‘Cyto-
skeleton’, a term reluctantly adopted, but hard to
replace, is used here (and elaborated later) to
describe the combined dynamic system of cyto-

155

plasmic filaments; actin filaments, intermediate
filaments and microtubules and their associated
elements.

There is now little doubt that actin, the most
predominant component of the cytoskeleton, con-
tributes in a major way to the structure and
consistency of cytoplasm (Pollard, 1976; Stossel,
1984). In this short review I shall concentrate
primarily on this component of the cytoskeleton,
bringing in the other filament systems only as they
fit into the general discussion. Extensive treatments
of the intermediate filament- and microtubule-
systems can be found elsewhere (Traub, 1985;
Dustin, 1984; Soifer, 1986). Since the molecular
properties of actin and the different classes of
proteins that associate with it have been the subject
of many recent and excellent reviews (e.g. Korn,
1982; Geiger, 1983; Pollard and Cooper, 1986) 1
shall restrict myself to a survey of the structural
organizations of actin in the cell. More specifically,
I shall try to evaluate the contribution of electron
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microscopy to our understanding of actin architec-
ture and dynamics and illuminate current lim-
itations in technique.

IL. THE FIBRILLAR SYSTEMS AND
THE CYTOSKELETON

Some notable electron microscope studies (e.g.
Fawcett, 1966; Porter, 1966; Buckley and Porter,
1967; Goldman and Knipe, 1973; Spooner et al.,
1971; Ishikawa, 1974) were the first to reveal the
ubiquity of the three classes of cytoplasmic
filaments that we now associate with the cyto-
skeleton of eukaryotic cells. But it was of course
the subsequent immunofluorescence microscope
observations on cultured cells that were pivotal in
revealing the coextensive nature of the three
fibrillar systems (Lazarides and Weber, 1974; Os-
born et al., 1977; Weber and Osborn, 1981). As
well as stimulating a more general interest in
cytoplasmic structure the immunofluorescence
data allowed a direct assignment of the molecular
composition of the filaments. Moreover, by the use
of different fluorophores two or three of the cyto-
plasmic filament arrays may, by this technique, be
demonstrated concomitantly in the same cell (Fig.
la—c).

The term ‘cytoskeleton’ is certainly not new
(Wintrebert, 1938), but its more recent and com-
mon usage stems from the observation that the
filament systems cited above and observed in intact
whole-fixed cells remain, more or less, in the cell
residue after cell lysis with non-ionic detergents.
This could be shown by immunofluorescence mi-
croscopy of cells cultured on glass coverslips
(Osborn and Weber, 1977) and by electron micro-
scopy of cells grown on electron microscope sup-
port films (Brown et al., 1976; Small and Celis,

1978a, b; Trotter et al., 1978; Webster et al., 1978).
The composition of the residue left behind is,
however, subject to some variability, owing to the
application of different solution conditions. For
example, the inclusion of Ca?* ions in the lysis
medium leads to a more or less complete de-
polymerization and hence extraction of the micro-
tubules (Brown ez al., 1976; see also Osborn and
Weber, 1982) as well as to an enhanced extraction
of the actin component. No concerted effort has in
fact been made to standardize conditions, so that
the ‘cytoskeleton’ as such still remains a somewhat
variable entity. But, in view of what we know
today of the dynamic nature in vivo of the micro-
tubules and actin filaments (see Soifer, 1986; Jock-
usch et al., 1986) this is hardly surprising. At the
same time, however, it serves to underline the need
for a critical assessment of the conditions em-
ployed in a particular cell system to isolate the
‘cytoskeleton’. Ideally, conditions should be
sought that preserve, in the cytoskeleton, the poly-
meric components of the fibrillar systems present
in the living cell at the time of extraction. The
advent of techniques to microinject fluorescent
probes into cultured cells (see reviews by Wang ez
al., 1982; Kreis and Birchmeir, 1982; Jockusch et
al., 1986) now allows some direct correlations to be
made between the living cells and the cytoskeleton,
but few studies (e.g. Wang, 1985; Soltys and
Borisy, 1985) have yet been undertaken to make
such correlations.

We shall return to this problem a little later; in
the meantime some comments will be made about
the general requirements to obtain more than
intact cytoskeleton preparations. First of all little
time need be wasted on defining conditions to
preserve the intermediate filaments since these are
completely insoluble under all except the most

Fig. 1. Fluorescence microscopy of the cytoskeleton. (a—c) The three primary filament systems of the cytoskeleton seen in
the same cell, in this case a human skin fibroblast; (a) the actin system, labelled with coumarin phalloidin, (b) the
microtubule network, labelled with anti-tubulin antibodies and (c) the intermediate filament network labelled with
antibodies to vimentin. (d-f) Different aspects of actin filament organization as revealed in chick heart fibroblasts stained
with rhodamine-conjugated phalloidin. Large bundles of actin, the stress fibres (sf), span the cytoplasm and are bound at
one or both ends to the ventral membrane at sites of substrate attachment, the focal contacts. Stress fibre-related structures
can form arcs close to the dorsal cell surface (¢) or short-armed geodesic arrays (d). The motile lamellipodium or leading
edge (l.e.) contains actin meshworks (am) and fine actin bundles, or microspikes (ms), see (,f) and can perform upfolding
or ruffling movements (r in g). In a late stage of advance of the cell front (f) the trailing part is drawn into an extended
tail that eventually detaches from the substrate. Fixation (a—g); Triton—glutaraldehyde mixtures, see text. Scales indicate
10 pm.
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extreme conditions (see Traub, 1985). Indeed, both
the microtubule and actin filament networks may
be more or less completely extracted from the
cytoskeleton leaving the intermediate filaments in
an undisturbed array around the cell nucleus
(Small and Celis, 1978b; Lehto et al., 1978). The
microtubule and actin filament arrays are clearly
more labile. Osborn and Weber (1982) have re-
viewed the conditions for stabilizing microtubules:
namely, a very low free Ca?* concentration, added
mM GTP, a sulfonate buffer and polyethylene
glycol. Because of the presence of endogen-
ous Ca-activated actin-depolymerizing proteins
(gelsolins—see e.g. Pollard and Cooper, 1986) che-
lation of Ca”" ions by EGTA is also a necessary
requirement to stabilize the actin system. Added
MgCl, as well as a pH below neutrality is likewise
beneficial not only for actin but for the retention
of some of its associated proteins, in particular
myosin.

In a rather detailed study, Bravo and coworkers
(Bravo et al., 1982; Bravo and Celis, 1982) docu-
mented for each of a long list of proteins the ratio
of the Triton-soluble to Triton-insoluble (cyto-
skeleton) fraction for cultured HeLa cells. The
conditions used were those that had formerly been
shown to yield ‘moderately intact’ cytoskeletons in
the electron microscope (Small and Celis, 1978a).
For the major cytoskeletal proteins it was shown
that actin and tubulin were each split more or less
equally between the soluble and cytoskeletal frac-
tions, in agreement with some carlier studies (Bray
and Thomas, 1976) and that the proteins of the
intermediate filaments, as expected, were almost
exclusively in the cytoskeletal fraction. This data,
along with that from other laboratories (e.g.
Blikstad and Carlsson, 1982; Soifer, 1986) served
to reemphasize the considerable size of the pool of
non-polymer tubulin and actin in the living cell.

III. ELECTRON MICROSCOPY OF THE
CYTOSKELETON

A. Whole Mount Preparations

The fact that the cytoskeleton was recognized in
its entirety first by light microscopy served to
underline the acknowledged limitation of the ultra-

thin section method for revealing more global
intracellular arrays. For ultrastuctural studies of
the cytoskeleton electron microscopists have com-
monly turned, in consequence, to the use of whole
mount cell preparations, first introduced by Porter
and his coworkers in their pioneering high voltage
E.M. studies of ‘intact’ cells (Buckley and Porter,
1975; Wolosewick and Porter, 1976).

For whole mounts, cultured cells are grown
directly on electron microscope grids carrying sup-
port films, collodion or formvar that are normally
pretreated with serum, polylysine or matrix pro-
teins (e.g. fibronectin or laminin) to promote cell
attachment. In practice, several grids (silver, gold
or nickel) are sandwiched between the thin film and
a coverslip and the grid—coverslip combination is
used essentially as a coverslip through the cell
culture, extraction and fixation steps. We have
found collodion superior to formvar for the nega-
tive staining of cytoskeleton whole mounts, but
collodion is not resistant to the organic solvents
required for other procedures (see below). Addi-
tionally, while formvar remains bound to glass in
tissue culture medium over a period of days,
collodion does not, without recourse to the use of
glue applied before film retrieval to the coverslip
edge (Small and Celis, 1978a). Since cultured cells
are large objects with their own intrinsic con-
tractility (Harris et al,, 1980) the support films
must be slightly thicker than normal (for collodion,
silver-gold in colour) to remain intact through to
final microscopy.

A number of different procedures have been
used to visualize cytoskeletal structures in the
electron microscope: negative staining (Brown ef
al., 1976; Small and Celis, 1978a; Webster et al.,
1978), critical point drying, either alone
(Henderson and Weber, 1979; Pudney and Singer,
1980; Schliwa and van Blerkom, 1981; Capco and
Penman, 1983) or followed by metal coating
(Trotter et al., 1978; Trotter, 1981; Svitkina et al.,
1984; Nicol er al., 1987) and quick freezing
and deep etching (Heuser and Kirschner, 1980;
Lawson, 1986; Hartwig and Shevlin, 1986). Some
applications of ultrathin sections to studies of the
cytoskeleton are also worth noting (Trotter ef al.,
1978; Trotter, 1981; Boyles et al., 1985; Heuser and
Kirschner, 1980; Langanger et al., 1984, 1986).
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The results obtained by the different meth-
odologies prompt an interim comment on their
individual limitations (see also Heuser and
Kirschner, 1980). Drying in an aqueous heavy
metal stain results in a partial collapse of the
cytoskeletal networks and good contrasting of the
filaments is achieved only in the thinner, more
peripheral parts of the cell. After critical point
drying, the general appearance of the cytoplasm
at low magnification is more homogeneous and the
filament networks more transparent. Difficulties
immediately arise, however, when attempting to
distinguish the individual filamentous elements
at higher magnification. As with intact cells
(Wolosewick and Porter, 1979) it is more or less
impossible without specific labelling procedures
(e.g. Henderson and Weber, 1979; Svitkina ef al.,
1984; Schliwa and van Blerkom, 1981) to dis-
tinguish unambiguously between actin- and
intermediate-filaments. This difficulty is com-
pounded by an artefactual aggregation of the actin
filaments, apparently promoted by dehydration in
organic solvents (Small, 1981). The attraction of
the quick-freeze deep-etch method is somewhat
offset by its lack of reproducibility with substrate-
attached cells, except in the most competent hands
and by the inability of the shadowing method to
contrast the deeper regions of cytoplasm. Even in
the best instances (Heuser and Kirschner, 1980) the
non-linearity of actin filaments in the large stress
fibre bundles signals the difficulties encountered in
completely obviating ice crystal damage in prepa-
rations of this type.

Having sounded this pessimistic note I shall
move on now to present some of the contributions
made by electron microscopy in this field. But as
will become clear, these contributions have relied
on an initial evaluation of the procedures em-
ployed by light microscopic methods. On this point
it is worth noting that the new advances in tech-
nology in light microscopy (Inoué, 1986; White et
al., 1987) deserve now the closest attention by the
electron microscopist.

B. Optimizing Extraction Conditions

Some general comments have already been made
about the buffer conditions required to minimize

depolymerization and extraction of the major
cytoskeletal proteins. Direct application of these
conditions does not, however, guarantee proper
retention of the cytoskeleton on the substrate. As
might be expected some cells are far more sensitive
to detergent extraction than others and may either
lose parts of their cytoskeleton or be completely
detached from the substrate. For example, under
equivalent conditions, mouse neuroblastoma cells
were distorted or detached from a collodion or
glass substrate if treated for more than 15 sec with
lysis medium, whereas mouse 3T3 cells were rela-
tively insensitive to the extraction time employed
(Small and Celis, 1978a; Isenberg and Small, 1978).
Likewise, Hoglund et al. (1980) found it impossible
to preserve the peripheral parts of glia cells by the
same extraction procedure that had earlier been
found successful with fibroblasts (Small and Celis,
1978a; Small et al., 1978). This prompted Hoglund
and coworkers to introduce a variation into the
extraction protocol whose importance has so far
been underestimated in structural work on the
cytoskeleton, namely inclusion of glutaraldehyde
in the lysis medium. By adjusting the ratio of
detergent to glutaraldehyde the extent of extrac-
tion of cells may be readily controlled (Small, 1981;
Small et al., 1982) and suitable mixtures estab-
lished for a particular cell type. It is this ratio and
not the time of extraction that mainly determines
the final result obtained. Additionally, we have
shown elsewhere (Small et al., 1982; Rinnerthaler
et al., 1988) that the aldehyde-Triton mixtures
arrest cell movement more or less instantly with-
out noticeable distortion or changes in gross cell
morphology.

What then are the criteria for good preservation
of the cytoskeleton? To answer this question we
must first survey the different organizational forms
of actin found in cultured cells.

C. Actin Filament Arrays

The various organizational forms that actin can
take in cells were described originally by Lazarides
(1976) using actin antibodies. Examples of these
different forms can be found in Fig. 1 (d—g). These
figures show chick heart fibroblasts that were
extracted for 2min at room temperature with a
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Triton X-100 glutaraldehyde mixture (0.5%,
0.25% respectively) postfixed for 15min in glu-
taraldehyde (1%), treated with sodium bor-
ohydride (0.5mg/ml, 2 x 10 min), to reduce free
aldehyde groups (Weber et al., 1978) and stained
with rhodamine-conjugated phalloidin, all steps
being performed in a ‘cytoskeleton buffer’ (Small
and Celis, 1978a; Small et al., 1986). (Fluorescent
phallotoxins are ideal probes for polymeric actin
since they bind specifically to F-actin in a single
staining step and additionally stabilize actin
filaments [Faulstich et al., 1988].) The prominent
fibres that span the cytoplasm in different orien-
tations are the stress fibres and correspond to large
bundles of actin filaments many of which traverse
the ventral region of the cell. Similar fibres delin-
eate the inactive, concave cell edges (Vasiliev and
Gelfand, 1976) and can occur also in star-like
geodesic arrangements (Fig. 1d). These arrays can
project towards the dorsal cell surface. Inter-
mediate structures, smaller bundles and sheets of
parallel actin filaments may also be seen. At the
spreading, convex cell edges a further distinct
actin-rich band is evident, and corresponds to the
‘leading edge’ or ‘lamellipodium’. Here, actin oc-
curs in two types of arrangements: in a compact
network that appears diffuse in the fluorescence
microscope and in fine radial bundles, or micro-
spikes (Fig. le,f). The lamellipodium character-
istically performs active ruffling movements and
these ruffles are then seen as diffuse structures that
project out of the plane of focus (Fig. 1f,g).
Arc-like bundles or sheets of actin that reflect the
curvature of the leading edge are sometimes evi-
dent at any position behind the leading edge to the
perinuclear area (Fig. 1e): such bundles have been
shown to lie close to the dorsal membrane and to
demarcate the boundary of backward flow of
receptors on the cell surface (Heath, 1983). Finally,
a weak diffuse actin label is apparent throughout
the cytoplasm, between the more prominent struc-
tures, described above.

With adequate preparative methods all the
aforementioned arrangements of actin filaments
may be readily visualized in the fluorescent micro-
scope. Inadequate procedures lead first to the
partial or total loss of the more sensitive actin
arrays; the lamellipodia and the weakly stained

diffuse actin component. The aldehyde-Triton
mixtures found very suitable for actin likewise
facilitate good preservation of the microtubule and
intermediate filament networks (Fig. la—c).

We have seen that not only the buffer conditions
but also the inclusion of fixative in the lysis me-
dium can affect the structural preservation of the
cytoskeleton. These points must be borne in mind,
particularly in attempts to correlate structure with
biochemical composition.

D. Negative Staining of the Cytoskeleton

Negative staining is certainly the most easy
way of contrasting whole-mount cyt‘oskeletonS for
electron microscopy and it has some additional
advantages over other methods, as I hope will
become clear from the ensuing discussion. The
main disadvantage with negative staining is, how-
ever, the variable nature of the contrast obtained
which can easily be different from one grid square
to the next. This problem is reduced by the natural
coating of the support film by serum components
during cell culture and by the use of spreading
agents such as bacitracin or cytochrome ¢, before
the staining step.

The high contrast offered by uranyl acetate can
be useful at low magnification (Fig. 2) but intro-
duces problems with photography at higher
magnification owing to the greater thickness of
cytoskeletal structures as compared to molecular
assemblies. Likewise distortions due to drying, are
more pronounced than with lower contrast, neu-
tral stains like sodium silicotungstate or phos-
photungstic acid. The region most subject to struc-
tural change in response to different extraction
conditions and contrasting is the lamellipodium or
leading edge. This actin-rich region which corre-
sponds to the primary motile organelle of the cell
shows a highly organized, apparently cross-linked
network of actin filaments, filament bundles and
intermediate arrays when contrasted with aqueous
sodium silicotungstate (2-3%: Hoglund er al.,
1980; Small, 1981). If phalloidin is applied to the
fixed cytoskeletons (2.107°m for 15-30 mig at
room temperature) before negative staining the
order of the networks is improved (Small, 1981;
Fig. 3) pointing to a stabilizing effect of phalloidin
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Fig. 2. Survey electron micrograph of part of a 3T3 cell cytoskeleton, prepared by extraction with Triton alone (Small and
Celis, 1978a) and negatively-stained with aqueous uranyl acetate. Abbreviations: am, actin meshwork; ms, microspike; sf,
stress fibre. Scale bar indicates 10 um.

on fixed F-actin (see also Small, 1985). Essentially
the same image is obtained using phosphotungstic
acid (Pagh et al., 1985) with again an improvement
if phalloidin is interleaved between fixation and
staining. Surprisingly, these negatively-stained net-
works retain a certain degree of three-
dimensionality as evidenced by stereoscopic imag-
ing (Fig. 3b).

Behind the leading edge, in the cytoplasmic
regions that are still relatively thin, the three
different filament systems are well contrasted by
the negative staining method (Fig. 4). Here, actin
filaments occur in the large stress fibre bundles and
also in random, open networks that clearly corre-
spond to the areas of weak, diffuse label between
the stress fibres, seen in the fluorescence micro-
scope. But these randomly organized filaments are
only well preserved in cytoskeletons stabilized with
phalloidin, indicating the importance of including
this additional step.

Tannic acid has commonly been used for con-
trasting cytoskeleton structures, especially ac-

tomyosin arrowhead complexes prior to plastic
embedding (Begg et al., 1978). Treatment of cyto-
skeletons with tannic acid, followed by negative
staining leads, however, to the aggregation of
neighbouring actin filaments and to the distortion
of the fine structural arrangement of leading
edge meshworks (Small, 1985). Negative staining
methods have been usefully applied to total actin
cytoskeleton preparations from various other
cells, including amoeba (Claviez er al., 1986;
Rubino and Small, 1987) slime mold (Pagh et
al., 1985), ceolomocytes (Edds, 1977) and blood
platelets (White, 1984).

E. Critical Point Drying and Quick Freezing

The different preparative methods that have
been employed to prepare and contrast the cyto-
skeleton have already been listed above. In assess-
ing these procedures the leading edge region of
cells serves as an ideal reference, on the basis of the
following assumption: that the ordered, intricate
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Fig. 3. Actin arrays in the leading edge as seen after negative staining with aqueous 2% sodium silicotungstate. Single (a)

and stereo views (b) taken from chick heart fibroblasts, stabilized additionally with phalloidin between the fixation and

staining steps (see text). Many filaments in the meshworks can be traced over long distances: note in particular filaments

in array emanating from membrane focus (arrow). Short filament linkages are also apparent. A typical microspike bundle

is shown in (a) and one in transition in (b), bottom. Primary fixation with Triton-glutaraldehyde mixture as for Fig. 1 (see
text). Scale bars indicate 0.2 um.
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Fig. 4. Inner cytoplasmic region of a fibroblast cytoskeleton fixed as for Fig. 1 but with phalloidin applied between fixation
and staining: negatively-stained with sodium silicotungstate. Abbreviations: sf, stress fibre; mt, microtubule; if, intermediate
filament; an, loose actin network. Scale bar indicates 0.5 pm.
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meshworks visualized after phalloidin stabilization
and negative staining (Fig. 3) represent the close-
to-in vivo situation. It is difficult to imagine that
such order could be created by simple experimental
manipulations, especially as we have shown that
the extraction—fixation event is more or less instan-
taneous (see above).

Measured against the image seen by negative
staining the leading edge meshwork visualized after
critical point drying, either with (Svitkina et al.,
1984, 1986) or without metal shadowing (Schliwa
and van Blerkom, 1981) is grossly distorted and
poorly preserved. Even a brief glance at the scale
of detail in published pictures will reveal the extent
of distortion and aggregation induced by this
method. As I have pointed out earlier (Small, 1981,
1985) the inadequacy of the critical point technique
in this regard stems from the deleterious effects of
organic solvents on aldehyde-fixed cytoplasmic
actin meshworks. Since actin makes up a good part
of the rest of the cytoplasmic ground substance the
images obtained of the ‘matrix’ of whole cells
by the same method must be viewed with equal
suspicion.

From the methodological point of view we
might expect the quick-freeze deep-etch method
to give the most authentic images of the cyto-
skeleton. Heuser and Kirschner (1980) were the
first to apply this method to cultured cell cyto-
skeletons and produced a number of impressive
images. They did, however, use Triton rather than
Triton-aldehyde preparations, the former being
inferior to the latter as starting material. One of
their images of the peripheral leading edge is
shown in Fig. 5c and can be compared with two
others (Figs 5a,b) produced by the author in a brief
collaboration with the late Dr. Michel Claviez
(Munich). The dorsal membrane fragments present
in the latter two figures are characteristic for
preparations lysed in Triton—aldehyde mixtures. In
the meshworks, the filament density is comparable
to that seen by negative staining but the continuity
of single filaments is mainly lost, especially in Fig.
5c. Instead, the filaments here appear to be very
short and interconnected in a three dimensional
polygonal array. The microspike bundle from an-
other cell shown in Fig. 5b is poorly preserved as
evidenced by the presence of only a few thickened

and poorly oriented filaments, suggestive of aggre-
gation and distortion (compare with Fig. 3a).
Network images of a similar nature to those above
have also been described in macrophages (Hartwig
and Shevlin, 1986) but the poor preservation of the
cells as judged from the low magnification images
indicates that fine structural distortion must have
been prevalent. These particular images have
clearly been overinterpreted.

How then do the quick-freeze deep-etch net-
works relate to those obtained by negative stain-
ing? In selected cases they may be closely similar
and it is the difference in contrasting methods that
leads to an emphasis of different structural fea-
tures. But ice crystal damage on a very microscopic
scale could equally well explain the non-linearity of
the filamentous elements. More work is necessary
to settle this point. Since shadowing methods offer,
potentially, the possibility of contrasting filament-
associated proteins, efforts in this direction using
better preparative procedures could be fruitful.

F. Immunoelectron Microscopy of Actin Arrays

The currently poor understanding of the molec-
ular basjs of actin dynamics in cells in vivo stems
in part from the lack of information about in situ
interactions of actin-associated proteins with actin
filaments. A great deal of biochemical information
is available on the individual characteristics of
proteins belonging to the actin-binding class
(Pollard and Cooper, 1986) but we have yet to
come to grips with techniques that pinpoint their
locations and molecular interrelationships within
the cytoplasmic actin arrays that we have just
discussed. The application of immuno-electron mi-
croscopic methods (see Polak and Varndell, 1984)
offers one possibility of achieving this aim.

What progress has been made so far? In Fig. 6
a schematic diagram is presented that summarizes
the localizations of a number of actin-associated
proteins as established by immunofluorescence
microscopy. The stress fibres show a continuous
distribution of actin but a discontinuous, some-
times pseudo-periodic arrangement of most of its
associated components. Alpha-actinin, the protein
found in the Z-line of striated muscle is notably
segregated from all of the other established pro-
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A . ) | T o P { 2 /
Fig. 5. Quick-freeze deep-ctch preparations of fibroblast cytoskeletons contracted by rotary shadowing with platinum, and
showing anterior parts of the leading edge (compare with Fig. 3). (a) and (b) Whole-mount Triton—glutaraldchyde
preparations, frozen on formvar support films by immersion in Freon. Smooth patches are retained membrane fragments.
(c) Replica of Triton cytoskeleton taken from Heuser and Kirschner (1980), with permission. Scale bars indicate 0.2 pm.
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Fig. 6. Schematic illustration of the actin cytoskeleton of a
cultured vertebrate cell, indicating the localizations of some
of the known actin-associated proteins as determined by
immunofiuorescence microscopy. The stress fibres show
three distribution patterns: (A) continuous, characteristic
for actin and filamin; (B) pseudoperiodic (open narrow bars)
characteristic for alpa-actinin; and (C) pseudoperiodic (dot-
ted), complementary to pattern B, characteristic for myosin,
myosin light chain kinase, caldesmon and tropomyosin.
Other proteins, present in the leading edge and in the focal
contact sites (cross-hatched) are indicated. For original data
see Geiger, 1983; Burridge, 1986; and Bretscher and Lynch,
1985.

teins of the stress fibre, aside from actin and
filamin. The latter protein appears continuously
distributed, like actin, at the resolution of the
fluorescence microscope. Cultured cells are charac-
teristically attached to a substrate at focal streaks
or points, termed focal contacts: these sites coin-
cide with the ends of the stress fibre bundles and

to the corresponding localization of a cascade of

proteins involved in actin-membrane linkage
(Geiger, 1983). An additional set of proteins is
found in the leading edge. Of particular note here
is the apparent absence of myosin and tropo-
myosin and the presence of proteins either not
found in the stress fibres or elsewhere present only
in focal contacts.

Figure 7a shows part of a cytoskeleton labelled
with primary antibodies to tubulin and then with

secondary antibodies carrying a 5nm gold tag,
according to the immunogold staining procedure
of De Mey (De Mey et al., 1981). The openness of
the microtubule network readily facilitates the con-
tinuous labelling of the individual fibres. The actin-
and intermediate-filaments are unlabelled. In the
closely-packed arrays of the actin system problems
of penetration of the secondary gold-tagged anti-
bodies are, however, encountered. These problems
show up especially when attempting to label com-
ponents, like vinculin, that are present in the focal
contacts. With fluorescent secondary antibodies,
labelling of these sites with anti-vinculin is readily
achieved (Geiger, 1983), even when using the same
fixation protocols employed for electron micros-
copy (Rinnerthaler ez al., 1988). But in our hands
no labelling has yet been possible using 5 nm gold
probes, either when these are coupled to the sec-
ondary antibody or directly to the primary anti-
body (Small, Geiger and De Mey, unpublished
work). Apparently the size of the gold-antibody
complexes is a limiting factor in this technique.

Attempts to localize the actin-associated protein
filamin have been made using cytoskeleton whole
mounts (Fig. 7b) or thin sections of cytoskeletons
formerly subjected to a pre-embedding immu-
nolabelling procedure (Langanger et al., 1984). In
the leading edge anti-filamin label may appear in
a relatively homogenous distribution (Fig. 7b) or
in more or less equispaced patches of high concen-
trations (unpublished data). In regions of intense
labelling a clear correlation between filament inter-
sections and gold particles is not obvious. The
electron microscope data does, however, show the
presence of filamin at the very anterior edge of the
actin meshworks (Fig. 7b). Hartwig and Shevlin
(1986) have applied filamin antibodies to Triton
cytoskeletons of macrophages that were sub-
sequently freeze-dried or critical-point-dried and
rotary-shadowed. They have made courageous
efforts to quantitate the number of ‘filament inter-
sections’ labelled with antibody, but, as I have
already pointed out, the actin networks portrayed
in these workers’ micrographs are far from intact.
Certainly, the overall polygonal arrangement of
the filaments may be telling us something about
filament cross-linking but let us not be fooled into
thinking that this is diagnostic of actin networks
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Fig. 7. Immuno-electron microscopy of fibroblast cytoskeleton whole-mounts. (a) Triton—glutaraldehyde cytoskeleton

labelled with a mouse anti-tubulin antibody (courtesy of Dr. S. Blose) followed by a secondary antibody carrying a 5 nm

gold tag, according to De Mey ez af. (1981). Abbreviations, as for Fig. 4. (b) Leading edge region of Triton-glutaraldehyde

cytoskeleton, stabilized additionally with phalloidin and immunolabelled as in (a) but with anti-filamin as primary antibody.

Phalloidin stabilizes network actin filaments against distortion during the antibody labelling procedure. For other details,
see text. Scale bars indicate 0.2 pm.
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constructed from filaments of exclusively 100 nm in
length (Hartwig and Shevlin, 1986): this sort of
image could just as well arise from the artefactual
kinking of longer filaments.

Stress fibre bundles, after pre-embedding label-
ling show a patchy surface label with filamin
antibodies (Fig. 8c; Langanger et al., 1984) and the
same distribution is seen in whole-mount cyto-
skeletons. However, the gold label is apparently
excluded from the inner regions of these closely-
packed actin bundles. The application of anti-
bodies to alpha-actinin have revealed that the
periodic distribution of this protein seen in the
stress fibres by immunofluorescence microscopy
arises from its specific localization in densely-
staining patches, situated along the stress fibre
bundles (Sanger et al., 1983; Langanger et al.,
1986, Fig. 8b): the same patches were recognized
in earlier, conventional thin sectioned material
(Ishikawa, 1974).

Using double-labelling procedures the distribu-
tion of the alpha-actinin-rich regions relative to the
myosin-containing domains was clearly established
(Langanger et al., 1986). Specifically, using myosin
antibodies directed against the head and the tail of
the myosin molecule, respectively, it could be
nicely demonstrated that bipolar arrays of myosin
exist between consecutive alpha-actinin foci (Fig.
8d). Proper penetration of the gold particles into
the actin bundles was possible, however, only in
cytoskeletons prepared by initial extraction with
Triton alone under which conditions the filaments
are more loosely-packed, presumably due to the
loss of some of the cross-linking proteins. Lawson
(1986) has attempted to localize myosin in
fibroblast cytoskeletons by a combination of the
immunogold procedure and the quick-freeze deep-
etch method. The micrographs indicate, however,

that the cells have suffered a similar or worse fate
than the macrophages prepared by Hartwig and
Shevlin (1986). It would have required only a light
microscope to judge the extent of devastation (see
e.g. Lawson’s Fig. 6). No useful information can be
extracted from material such as this.

While the results with immunogold (De Mey and
Moeremans, 1986) or protein A gold probes (Roth,
1986) are impressive when measured against
earlier methods we clearly still face problems of
penetration, quantitative labelling and resolution.
Further advances here may be made with the use
of smaller heavy metal probes tagged to antibodies
and the microinjection of proteins carrying their
own electron dense or elemental markers.

IV. ACTIN AND CELL LOCOMOTION

Having outlined the structural characteristics of
the actin cytoskeleton some remarks are called for
on at least one of its functions, namely cell loco-
motion.

The mode of net translocation of fibroblasts
over a solid substrate may be described in terms of
a tug of war between the leading and trailing ends
of the cells, giving rise to a rather jerky “creeping
and crawling” (Trinkhaus, 1984) on a slow time
scale. These strange movements are orchestrated
by the different organizational forms of actin, the
bundles, the meshworks and their associated pro-
teins: specific disruption of the actin system by
cytochalasins leads to the arrest of movement
(Wessels et al., 1970).

The advance of the cell front over the substrate
is mediated via the net protrusion of the leading
edge. Although it was at first attractive to imagine
that this could occur by a forward shearing of

Fig. 8. Immunogold labelling of the stress fibre bundles in chick heart fibroblast cytoskeletons. Cells, grown in plastic petri
dishes, were extracted in a Triton—glutaraldehyde mixture (a—c) or Triton alone (d) and post-fixed in glutaraldehyde. They
were then extracted once again with Triton, immunolabelled by the immunogold procedure, embedded in Epon and
thin-sectioned and contrasted for electron microscopy (Langanger et al., 1984, 1986). (a—c) Localization of alpha-actinin
and filamin. (a) Control image of stress fibre bundle; (b) shows localization of alpha-actinin within electron dense patches
(arrowheads) seen along stress fibre bundles; (c) patchy distribution of filamin along stress fibres. Micrographs form
Langanger et al. (1984), with permission. (d) Relative distributions of alpha-actinin (10 nm gold: large arrows) and myosin
(5 nm gold: arrowheads) in stress fibre bundles. The myosin antibody labels the myosin light chains located in the head
of the molecule. Note two bands of myosin label between adjacent alpha-actinin loci suggestive of a bipolar packing of
myosin molecules. From Langanger et al. (1986), with permission. Scale bars indicate 0.5 um.
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Fig. 9. Polarity of actin in the leading edge as determined by labelling cytoskeletons with smooth muscle myosin
subfragment-1 (a gift from Drs. Y. Redowicz and A. Sobieszek). (a) The anterior periphery of the leading edge showing
the invariant inward orientation of arrowhead complexes. (b) A microspike bundle with two frayed actin filaments showing
the same inward directionality of arrowhead complexes. To obtain these images the cytoskeletons were extracted with Triton
without fixation, stabilized with phalloidin, labelled with S-1 and then negatively-stained. In this case staining was
performed using the unusual combination of positive staining in uranyl acetate (1% aqueous, 10-30 sec without drying)
followed by rinsing in aqueous 40 pg/ml bacitracin and negative staining in sodium silicotungstate (2% aqueous). Scale
bars indicate 0.2 ym.

myosin over membrane-tagged actin filaments
(Huxley, 1973) this idea was difficult to reconcile
with the demonstrated depletiosi of myosin in the
leading edge (Heggeness et al., 1977) and with the
known rearward flow of particle and surface recep-
tors over this region (Vasiliev et al., 1976). Deco-
ration of the leading edge filaments with myosin
heads established that all actin filaments, in the
meshworks and microspikes possessed the same
polarity, with the arrowheads directed inwards
towards the cell body (Fig. 9). Various studies had

shown that the so-called barbed ends of filaments
abut the cell membrane and that this end can
nucleate the growth of actin filaments in wvitro
(Tilney ez al., 1981; Mooseker et al., 1982). It
therefore appeared possible that protrusion of the
leading edge could be mediated by actin polym-
erization under the leading membrane (Small ez al.,
1978). As Wang (1985) has shown, by applying
microinjection and photobleaching methods to
living cells, actin is indeed incorporated con-
tinuously at the cell front, consistent with such a
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mechanism. Tt has yet to be rigorously demon-
strated, however, that the rate of growth of actin
filaments correlates in some way with the rate of
forward movement of the leading edge, relative to
the underlying substrate. In any case it appears
that actin polymerization rather than a myosin-
based movement is somehow involved in the
advance of the lamellipodium.

We presume that the function of the various
actin cross-linking and bundling proteins (Pollard
and Cooper, 1986) in the leading edge is to bind the
actin filaments into mechanically stable arrays. The
dynamic nature of this region of the cell is evident
from cinematographic analysis (e.g. Abercrombie,
1980); the active protrusion and withdrawals of the
lamellipodium and the transition from networks
into bundles and vice versa must reflect, however,
mechanisms at play that allow for rapid reversible
transitions in the filament—filament interactions.
We are far from understanding how this can occur.

In order to maintain a forward position the
lamellipodium must make contact with the sub-
strate and the mode of this contact formation has
been studied in some detail in living cells (Izzard
and Lochner, 1980). The molecular events leading
to the establishment of a contact are currently a
matter of speculation (Geiger, 1983) but several
components of contact sites are already known
(Geiger, 1983; Burridge, 1986; Fig. 6). Signifi-
cantly, contact signals the nucleation and growth
of actin bundles, the stress fibres, in a centripetal
direction from the contact site (Izzard and Loch-
ner, 1980; Kreis et al., 1982; Wang, 1984), and it
is these actin bundles that are responsible for the
second, jerky phase of the translocation process.
As we have seen the stress fibres develop in arrays
that span the cell from one end to the other. When
a cell has protruded its leading front extensively in
one direction, the trailing contacts of the cell break
or detach and the stress fibres undergo an
actomyosin-like contraction that brings the trailing
cell body towards the advancing front (Chen,
1981). Because of the periodic distribution of myo-
sin and alpha-actinin in the stress fibres their
contractile machinery has been compared to that
of a striated muscle myofibril (Gordon, 1978; Kreis
and Birchmeir, 1980; Sanger et al., 1985). But they
clearly differ from myofibrils in showing a con-

tinuous distribution of actin filaments. Thus, in
phases of net leading edge advance and trailing
edge retraction (Abercrombie, 1980; Trinkhaus,
1984) the cell makes its way over the substrate.

V. CONCLUDING REMARKS

From the foregoing discussion it will be-
come clear that we still have a very crude idea
about actin-mediated processes. One reason is
the lack of molecular information about cyto-
skeletal complexes in vivo. It will now be a chal-
lenge to match the advances in light microscopical
and microinjection techniques with even better
ultrastructural methods that allow us to pinpoint
molecules in their in situ complexes by electron
microscopy. Some pioneers have shown'the way
(e.g. Hirokawa et al., 1982) but more are needed.
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