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Focal adhesions (FAs) are highly dynamic multi-protein
complexes, through which cells interact with the extracellular
matrix (ECM) via integrin receptors. These large assemblies,
which typically measure several micrometers in diameter,
mediate interactions of cells with external surfaces, and are
linked at their cytoplasmic faces with F-actin bundles. Over the
last four decades, the molecular diversity of these adhesions
and their roles in cell migration and matrix sensing have been
extensively studied. Microscopy-based research is considered
critical for characterizing and understanding the nature of these
assemblies. Here, we review the contributions of, advanced
microscopy to the characterization of the functional
architecture of integrin-mediated, cell-matrix adhesions.
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“Knowledge of structure is critical to an understanding of
function” (Dorothy Hodgkin)

This famous quote from Dorothy Hodgkin seems
relevant not only to structural studies of macromolecules,
but to a more general understanding of the mechanisms
underlying the functioning of a wide range of biological
systems, such as subcellular organelles, whole cells, tis-
sues, and organisms. Her words are particularly relevant
to systems such as the cell adhesion machinery, whose
structure, in fact, constitutes its primary function.

Such ‘structure-based’, mechanistic research is founded on
two major factors: firstly, the existence of a well-defined
biological question, and secondly, the availability of essen-
tial ‘enabling technologies’. The fundamental biological

question to be discussed in this article concerns the mech-
anisms underlying cell adhesion, and the primary enabling
technologies are light and electron microscopy.

Cell adhesion to the ECM, or to neighboring cells, plays a
key role in the assembly of individual cells into coherent,
functional tissue. At the same time, these adhesive inter-
actions are critical to the generation of adhesion-mediated
signals that regulate multiple cellular processes, including
cell division, migration, differentiation and death. These
two processes, the scaffolding and signaling, are closely
interrelated. As discussed below, different types of cell
adhesions contain prominent signaling molecules (e.g.
focal adhesion kinases in integrin-mediated focal adhe-
sions, or B-catenin in cadherin-mediated adherens junc-
tions) that can locally affect the stability of the particular
adhesion, as well as globally regulate the cell’s overall
behavior and fate. Given that the adhesion receptors are
not themselves signaling enzymes, it appears likely that
the local assembly of macromolecular complexes, associ-
ated with specific adhesion sites and regulating the precise
positioning of the constituent scaffolding and signaling
components, is critical to the activation of both scaffolding
and signaling activities. Elucidation of the biological pro-
cesses mediated by cell adhesion requires detailed struc-
tural characterization at the highest possible — ultimately,
molecular — resolution. The dependence of adhesion
research on advanced microscopy is, thus, self-evident.

To illustrate the contribution of advanced microscopy
techniques to cell adhesion research, we will present an
overview of the major milestones in this field during the
past 40 or so years, and highlight the technological devel-
opments which enabled them, focusing on different ‘eras’
in cell adhesion research.

The morphology era

In the early 70s, Michael Abercrombie and coworkers
published a seminal series of articles in which they
presented a cyclic, three-stage model of cell migration,
consisting of protrusion of the leading edge, formation of
anterior matrix adhesions, and retraction of the cell,
resulting in detachment of the trailing edge [1-4]. These
studies were highly insightful, and despite scant knowl-
edge of the underlying molecular mechanisms, and the
nature of the associated cytoskeletal networks, high-
lighted the physical properties of these adhesions, and
their functional significance. These early observations
were, however, mostly morphologically based, and
conducted with the state-of-the-art tools of the time,
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including standard transmission electron microscopy
(TEM), phase contrast light microscopy, and interference
reflection microscopy (IRM). The typical results obtained
using these approaches are outlined in Figure 1.

TEM images of chemically fixed, cultured cells revealed
discrete areas [known as focal adhesions (FA) or focal
contacts], typically elongated and several micrometers in
length, in which the plasma membrane runs parallel to the
overlying matrix, with a gap of 10-15 nm between the
plasma membrane and the ECM (Figure 1a). Multiple
cytoskeletal filaments (mostly microfilaments), closely

associated with the FA cytoplasmic surfaces, were noted,
though their anchorage in the FA membrane was poorly
resolved. Tangential sections through FAs enabled a
clearer view of the relationships between the cytoplasmic
cytoskeleton and the external matrix (Figure 1b), showing
that the two fibrillar systems are closely co-aligned, and
suggesting a mechanical linkage between them [5]. Sec-
tions cut nearly parallel to the substrate along the trailing
edge of migrating cells (e.g. the phase contrast image in
Figure 1c, and the correlated TEM image in Figure 1¢’)
demonstrate the convergence of cytoskeletal fibers toward
an clectron-dense area, most likely corresponding to a

Figure 1
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Focal adhesion views of cultured fibroblasts, based on Epon-based transmission electron microscopy. Electron microscopy (a, b, ¢, ¢’) and
interference reflection (IM) microscopy (d). (a) Chicken lens cultured cells, growing on a flat surface, were processed for TEM and cut perpendicular to
the plane of the substrate, revealing multiple cytoskeletal filaments accumulating at the adhesion site. The apparent gap between the ventral cell
membrane and the underlying ECM (visualized as a dark serum line) is on the order of 10-15 nm. In (a), a cell-cell adherens junction (white arrowhead)
and a focal adhesion (black arrowhead) are shown. Bar = 1 um. (b) A focal adhesion formed by a pig aortic endothelial cell, cut tangentially to the plane
of the substrate, showing the approach of microfilaments to the focal adhesion membrane, and the presence of ECM fibers on the other side of the
membrane, which appear to be nearly co-aligned with the cytoskeletal fibers. F-actin and ECM are indicated by black and white arrows, respectively.
Bar = 1 pm. (c) A migrating fibroblast, shown using phase-contract optics. Direction of migration: from right to left. A well-developed lamellipodium and
lamellae (on the left) and a trailing tail, marked with an arrowhead, may be seen. Bar = 30 um. The indicated area is shown in (¢’), using a grazing thin
Epon section through a cell. Notice the accumulation of microfilaments converging into a dense area, most likely corresponding to a FA (from the PhD
thesis of Wen-Tien Chen). Bar = 0.5 pm. (d) Six frames from an interference reflection microscopy (IRM) movie are shown: FAs appear dark (white
arrowhead), and the less tight close contacts, gray. Note the formation of small adhesions under the advancing lamellipodium (toward the upper left
corner of the images), the rupture of the trailing edge between 0:54 and 1:03 (minutes:seconds), and the dramatic growth of a new trailing FA, within
minutes after the rupture. Bar = 50 um (from the PhD thesis of Wen-Tien Chen). Notice the lack of detail in all TEM images of specific structures
bridging between the actin microfilaments and the membrane.
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trailing focal adhesion. In addition to the microfilaments
associated with this dense area, microtubules were also
frequently seen.

An additional microscopy-based technology used in those
early years for studying FA function and dynamics was
IRM, which enables the monitoring, in live cells, of the
proximity of the ventral membrane to the substrate, and
the dynamic reorganization of FAs. These findings are
illustrated in the frames from an IRM time-lapse movie
(from the PhD thesis of Wen-Tien Chen, and [6] showing
the prominence of small adhesions now commonly
referred to as focal complexes), the dynamic changes in
the position and size of FAs, the presence of gray regions,
corresponding to less tight close contacts, the tendency of
trailing FAs to rupture as the cell moves forward, and the
subsequent growth of a new trailing FA, induced within
minutes of the tail retraction.

Taken together, these early studies provided essential
insights into the focal nature of matrix adhesions, and the
critical role of these adhesions in regulating cell
migration. Standard electron microscopy (EM) of that
time suggested that cytoskeletal filaments interact with
these matrix adhesions; the IRM movies revealed the
proximity of the membrane to the matrix at these sites, as
well as their dynamics. On the other hand, the molecular
properties of FAs, and their ultrastructure, remained
entirely unexplored.

The molecular era

During the mid-to-late 70s, novel immunofluorescence
approaches were developed, to elucidate the organization
of cytoskeletal molecules such as actin, a-actinin, myosin
I1, tropomyosin, filamin and intermediate filament com-
ponents, in non-muscle cells [7-13]. These discoveries
provided the first look into the molecular complexity of
the cytoskeleton, and the functional diversity of the
emerging molecules (e.g. presence of actin crosslinkers
as well as motor molecules) suggested that the precise
spatial organization of the different components plays an
essential role in their function. Early on in this exciting
search for novel cytoskeletal proteins, previously
unknown components of FAs were discovered and
characterized. The first FA component identified using
correlated immunofluorescence microscopy and IRM
approaches was vinculin [14,15]; other proteins (e.g. talin,
paxillin) soon followed [16-18]. Fluorescence micro-
scopy, combined with microinjection of fluorescently
tagged proteins, and fluorescence recovery after photo-
bleaching (FRAP), enabled the monitoring of FA for-
mation, reorganization and dynamics, and revealed key
features in the complex assembly of matrix adhesions,
and their association with the cytoskeleton [15,19]. These
include the spatial and temporal relationships between
different forms of integrin-based FA-related adhesions,
including focal complexes, fibrillar adhesions and podo-

somes and the differential effect of mechanical pertur-
bation on the distribution of specific FA-associated
proteins (e.g. [20]). Furthermore, powerful new
approaches for frozen section-based immunoelectron
microscopy, by Tokuyasu, Singer and others, enabled
the localization of novel components in cells and tissues,
with optimized preservation of structure and antigenicity
(e.g. [21,22]). This, for example, enabled the differential
positioning of specific proteins that apparently co-loca-
lized, using immunofluorescence microscopy (e.g. a-acti-
nin and vinculin) at distinct locations, relative to the
plasma membrane, suggesting different roles for these
proteins in the membrane anchorage of actin filaments.

The accumulation of information about FA composition
led to interesting insights into the heterogeneity and
corresponding molecular signatures of these cellular
structures: namely, the presence of distinct sets of
adhesion-associated proteins in different forms of integrin
contacts (e.g. FAs, fibrillar adhesions, focal complexes) as
well as in different FA structural domains. This is illus-
trated in Figure 2, where cultured cells, labeled simul-
taneously for several FA and cytoskeletal molecules (e.g.
actin, vinculin, paxillin, a-actinin, integrin), displayed
enormous heterogeneity. Using compositional hierarchi-
cal clustering approaches [21], this heterogeneity could
be resolved into varying compositional signatures, charac-
teristic of specific subdomains within FAs, or of different
stages in FA assembly. Specifically, signatures that are
enriched with paxillin and contain low levels of actin were
located at the edge of focal adhesions. Another signature,
containing high levels of zyxin together with paxillin, a-
actinin, (3-integrin and actin, was found in focal adhe-
sions, but apparently absent from focal complexes, the
latter of which were dominated by another compositional
signature with low levels of zyxin. The ultrastructural and
functional manifestations of this spatial molecular hetero-
geneity however, remained unclear.

The molecular complexity era

From the late 70s to date, the molecular characterization of
FAs continues to be a challenging endeavor. Attempts to
obtain a comprehensive view of the integrin adhesome;
namely, the collective of all known components of these
structures (see Box 1), point to an extraordinary complex-
ity. From the few tens of molecules assigned to FAs about
10 years ago (e.g. [23,24]), the current number of known
adhesome components has reached about 180 ([25] and
htep://www.adhesome.org), and encompasses both scaf-
folding molecules, which provide the physical links
inter-connecting actin filaments with the integrin receptors
(including multiple actin regulators and adaptor proteins),
and multiple signaling molecules (e.g. kinases, phospha-
tases, Rho G'T'Pases, and their regulators), which are
capable of modifying post-translationally a wide variety
of cellular targets, including many focal adhesion mol-
ecules.
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Figure 2
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Molecular complexity of focal adhesions. To illustrate the complex molecular composition of FAs, the same rat embryo fibroblasts (a-d), labeled for a
different combination of FA and cytoskeletal components (altogether — 8 different molecules) are shown. Careful comparison of the images, including
a computerized clustering analysis, was used to search for molecular signatures (see [20]). ‘Actin’ indicates F-actin. For simultaneous imaging, cells
labeled with five fluorophores, including blue, green, red, and two infrared molecules, were used. ‘b3’ stands for b3 integrin. To clearly illustrate the
spatial relationships between the different molecules, two-color pairs, labeled for vinculin (red) and four other partners (green), are presented at the

bottom of the panel. Bar = 10 um.

One interesting insight, based on 7z si/ico analysis of the
adhesome, involved the presence in this interaction net-
work, of specific motifs that are particularly enriched in
this network. Such analysis revealed a few very prominent
motifs in the adhesome network, the most conspicuous of

which is a scaffolding motif, whereby a signaling molecule
and its downstream target, are brought into close proxi-
mity by a third molecule [25]. Formation of such motifs
during focal adhesion assembly are believed to trigger a
wide range of adhesion-mediated signaling events.

Current Opinion in Cell Biology 2010, 22:659-668
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Box 1 The integrin adhesome

The collective of molecules, identified over the years as components
of integrin-mediated, cell-ECM adhesions, including proteins that
are stably associated with FAs, and others that transiently interact
with it and affect its function are known as the integrin adhesome
[25]. The original adhesome inventory included 156 components, and
this number continues to grow. The current version of the adhesome
network [23] includes 180 components, including proteins discov-
ered using RNA-interference and yeast two-hybrid screens, as well
as localization, microscopy-based studies. The adhesome compo-
nents are commonly divided into scaffolding molecules including
integrins, adaptor proteins, actin binding proteins, and actin that
form the physical structure of the adhesion site, and signaling
molecules (protein kinases, phosphatases, GTPases and their
regulators). Both types of molecules can form an overwhelming
number of direct interactions, estimated to be well over 700. It is
becoming increasingly apparent that, to accommodate the need for
both robustness and dynamic plasticity at the adhesion site, most of
these interactions need to be switchable, and subject to regulation,
most likely by the FA-associated signaling machinery.

Moreover, analysis of the connectivity characteristics of
the adhesome network sheds light on the scaffolding and
signaling activities mediated by integrin adhesions [25],
and on the mechanisms whereby molecular interactions
between adhesome components can be switched on and
off [23]. For example, there are several tyrosine-specific
protein kinases in the adhesome, which appear to phos-
phorylate multiple FA-associated proteins, enabling them
to interact with the Src homology domain 2 (SH2 domain)
of other components. These interactions can also be
switched off by specific phosphotyrosine phosphatases
[23]. This view of the adhesome network places great
functional importance on the characterization of multi-
protein complexes that can be detected by combined
light microscopy and high-resolution microscopy,
enabling the revisiting of adhesion sites, identified by
the fluorescence of specific reporter proteins, for a
detailed structural analysis. This approach may be com-
plemented by the application of advanced proteomic
methods that address the specific interactions between
individual, adhesion-related molecules and enable
characterization of the mode of interactions between
FA components. Yet, such a comprehensive approach
for the molecular mapping of FAs strictly depends on
techniques that preserve the three-dimensional ultra-
structure of the adhesion sites.

Studying the adhesion machinery by
cryo-electron microscopy

As indicated above, visualization of the FA substructure
requires not only a high-resolution microscopy approach,
butalso a high degree of structural preservation. Although
important information was provided by studies in which
specimens for EM examination were prepared by
traditional means, the dehydration stage may have
resulted in the loss of delicate structures associated with
the adhesion site. To demonstrate these effects, we

present examples of dense plaques in chicken smooth
muscle (the tissue equivalent of FAs) following proces-
sing for EM analysis, using: firstly, Epon-embedding
plastic sections (Figure 3a); secondly, frozen cryo-sec-
tions, after which sections were mounted in methyl
cellulose (the Tokuyasu method) (Figure 3b); as well
as thirdly, frozen cryo-sections collected on grids, re-
vitrified, and examined in the frozen-hydrated state
(Figure 3c) [26]. A comparison of the resulting images
demonstrates the unique advantages of working in a
hydrated environment (Figure 3¢): fine structural details
within the high-density regions associated with the sub-
membrane plaque of the adhesion sites could only be
visualized in the hydrated cryo-sample, suggesting that
the dense adhesion plaque is composed of discrete mol-
ecular assemblies.

Biological systems in 3D by cryo-electron
tomography

Cryo-electron tomography (cryo-E'T) is a state-of-the-art
technique that offers unique capabilities, enabling the
acquisition of 3D information on the macromolecular
architecture of cells in an unperturbed state
[27,28°%,29]. Using this technique, one can visualize
cellular states, and reconstruct molecular networks. Given
the advantage of vitrification by rapid freezing, biological
material can be physically fixed, ensuring close-to-life
conditions in samples prepared for cryo-E'T" [30]. Since
neither dehydration nor staining is needed, the delicate
cellular landscape is preserved during sample preparation,
accurately depicting 7z vivo conditions.

Cryo-ET, like medical computer-based tomography
(C'T), is capable of retrieving 3D structures of specimens
from a series of 2D micrographs. Owing to its large depth
of focus, an electron micrograph is essentially a 2D
projection of a 3D object, in the direction of the electron
beam. As a consequence, features of the sample are
superimposed and cannot be separated, as in optical
microscopy. Nevertheless, the three-dimensionality of
an object can be retrieved by recording a series of pro-
jections at varying angles, and computationally synthesiz-
ing these projections into a 3D density map; that is a
tomogram [31]. In practice, the various projection images
are collected by tilting the specimen incrementally
around a single axis. This tilt series is then aligned to a
common frame of reference, followed by the calculation
of the tomogram by projecting the images into a volume,
most commonly using a weighted back-projection algor-
ithm [32].

The resolution of a tomogram is directly dependent upon
the angular increment between two adjacent projections,
and on the total number of images [33]. Therefore, the
aim is to collect as many tilted projections as possible,
covering the widest possible angular range. However, due
to technical limitations, the tilt series cannot cover the

www.sciencedirect.com

Current Opinion in Cell Biology 2010, 22:659-668



664 Cell-to-cell contact and extracellular matrix

Figure 3
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Electron microscopy-based visualization of the adhesion machinery in smooth muscle tissue and fibroblasts. In chicken gizzard tissue,
contractile actin filaments are attached to the plasma membrane at specialized sites, commonly referred to as ‘dense plaques’, which are
closely related to FAs [marked with matching arrows, in the lower magnification image (top), and the higher magnification insert (bottom)]. The
same tissue is shown following three distinct processing procedures: (a) Epon section after tissue fixation (glutaraldehyde/OsO,), dehydration
and embedding, followed by thin sectioning and heavy metal staining, preserving membranes and some filaments, but showing no substructure
in the dense plaque. (b) A glutaraldehyde fixed tissue, frozen-sectioned, embedded in methyl cellulose and heavy metal-stained. Overall tissue
preservation, including the nucleus and membranes, is good, but filaments are poorly visible, and the dense plaque is largely diffuse. (c) A
specimen processed by all-cryo-approach [26], including fixation and sectioning as in (b), but the sections, collected on an EM grid are not
allowed to dry, but are washed and re-vitrified on the grid. The images (without heavy metal staining) display the various cellular filaments, as
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Several components of the adhesion machinery have already been structurally characterized by X-ray crystallography. With growing numbers of
proteins whose structure was solved, and with the improvement of the resolution attainable by cryo-ET, it appears likely that in the near future,
structural molecular information could be fitted into cryo-ET images, enabling multi-scale imaging ranging all the way from tissues and cells, to the
component molecules. However, high-resolution structural analysis of many components of the adhesion machinery is challenging, due to their
high degree of flexibility, and the sheer size of the proteins involved. Below we list a few of the adhesion-related proteins whose structure was

solved: details can be found at in the protein data bank (PDB).

The protein Method

PDB code

Integrin heterodimer X-ray diffraction,

Vinculin X-ray diffraction

a-Parvin X-ray diffraction, solution NMR

Talin (fragments) X-ray diffraction, solution NMR

ILK X-ray diffraction, solution NMR

FAK X-ray diffraction

a-Actinin X-ray diffraction, electron crystallography

3F7P, 1QCY, 1L5G, 3K6S, 3K72, 3FCS

1TR2

2K2R, 2VZI, 2VZC, 2VZD, 3KMU

2X0C, 2KVP, 2KMA, 2KC1, 2KC2, 3G9W, 2KGX, 2DYJ, 2JSW
3KMU, 3KMW, BIXE, 2KBX, 3F6Q

2J0J, 1TMP8, 2AL6, 1K04

1TJT, 1WKU, 1SJ4J

entire spectrum of views, and is limited to £70°. Con-
sequently, elongation of features along the beam axis is
evident, due to a missing wedge in the 3D Fourier space
[34]. Moreover, the cumulative electron dose over the
entire tilt series must be kept within tolerable limits,
typically not exceeding ~6000 ¢ /nm?, to prevent radi-
ation damage to the biological specimen. Hence, to
minimize the exposure time and to increase the accuracy
of the process, data acquisition must be fully automated,
relying on computer control [35°°,36].

A further limitation on the use of cryo-E'T" in eukaryotic
cells is its restriction to relatively thin cellular regions.
When the object being visualized is thicker than the
mean free path of an electron, multiple scattering events
substantially degrade image quality, despite the use of a
medium-to-high acceleration voltage (300 keV), and an
energy filter aimed at minimizing this effect [37°]. Con-
sequently, samples thicker than 1 wum can barely be
studied ## foto, requiring cryo-sectioning before tomo-
graphic analysis. Substantial efforts have been made to
improve such procedures. While the feasibility of this
approach was shown using cryo-sectioned rat liver cells,
mouse epidermis, human epidermis, and cardiomyocytes
[38°,39-43], it remains technically demanding, and often
yields sectioning artifacts [44].

Cryo-ET can be applied to vitrified chicken gizzard
tissues that were sectioned as in Figure 3c. This tech-
nique enabled us to study the tissue in its hydrated state;
therefore, all components of the adhesion machinery can
be revealed at a resolution of a few nanometers. Such a
methodology will eventually bridge the resolution gap
between conventional imaging of tissue sections (see
above) via higher resolution structural analysis of cells,
ex vivo, all the way to molecular resolution, enabling with

structural information, obtained by X-ray crystallography
(see Box 2).

Imaging cytoskeletal networks by correlated
fluorescence microscopy and cryo-electron
tomography

For decades, EM of the actin cytoskeleton was performed
using a wide variety of techniques, including the use of
standard sections of chemically fixed, resin-embedded
cells, detergent-extracted cells subjected to negative
staining or critical point drying [45-47], or unroofed cells,
subjected to examination by scanning electron micro-
scopy [48]. While these methods provided important
insights into the architecture of actin networks [46],
the spatial resolution of the structures revealed by these
methodologies was limited, especially in the third dimen-
sion. Embedding cells in polymer before or after section-
ing provided seminal information on cell-adhesive
structures. However, this technique could not provide
the means for visualizing individual filaments, nor struc-
tural information on macromolecular complexes iz situ.
The dehydration steps involved in the sample prep-
aration — even when carefully performed — had a major
detrimental effect on the microfilament system, and the
use of metal coating or negative staining perturbed the
3D meshes of the actin filaments. This sensitivity may be
attributed to the delicate nature of microfilaments, and
their dynamic properties. The fast exchange of cyto-
skeletal proteins, as revealed by fluorescence recovery
after photobleaching (FRAP) experiments [49,50], or
fluorescence correlation microscopy [51,52], indicates
that actin and actin-associated proteins may exchange
at half-life times on the order of just a few seconds,
rendering them highly susceptible to changes induced
in the course of standard EM sample preparation. It is
noteworthy that, while the typical exchange rate of FA

(Figure 3 Legend Continued) well as the specific substructure of the dense plaque (arrows). Bars = 1 um. (d) Cryo-electron tomography of a
vitrified fibroblast. A surface rendering view of the FA-protrusion shown in (e), inset (bordered in white). Actin is depicted in tan, and membranes
in blue. (e) Fluorescent microscopy image of a GFP paxillin-expressing cells, grown on the EM grid.
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plaque constituents was on the order of seconds, the
apparent reorganization of the adhesion site, as a whole,
was relatively slow, on the order of minutes.

Electron tomography of vitrified, but otherwise unal-
tered, cells, offers advantages over the other approaches
mentioned above; therefore, it appears to be a key tech-
nique for the 3D reconstruction of actin architecture
[28°°,53°,54]. This approach also led to the realization
that the most destructive step in sample preparation is the
dehydration of the specimen. By circumventing this
problem, cryo-E'T can reveal the actin filament network
of intact eukaryotic cells and enable visualization of its
interaction with the plasma membrane, without the need
for chemical fixation or heavy metal decoration.

A major limitation of cryo-E'T is the cellular area that can
be covered in a single tomogram: ~2 wm?, about 1.5% of
the peripheral area in a typical eukaryotic cell. There-
fore, localizing specific biological structures such as focal
adhesions under conditions of low-dose cryo-EM, con-
stitutes a major challenge. Accordingly, cryo-EM was
recently combined with fluorescent-light microscopy
imaging, to identify specific cellular components and
processes in an unambiguous manner [55°°,56,57]. Fluor-
escence microscopy enables the location and mapping of
a desired cellular feature that can later be found and
studied in 3D, under an electron beam, by means of cryo-
ET. Figure 3d shows a rendering of the FA region shown
in Figure 3e. In this experiment, cells expressing a GFP
derivative of paxillin, one of the hallmark protein com-
ponents of the integrin adhesome, were grown directly on
EM grids. The grid was then vitrified and the cellular
position identified by fluorescence microscopy, prior to
cryo-E'T image acquisition and analysis. In this recon-
struction, a large number (>500) of actin filaments,
forming a thick (~250 nm) bundle, may be seen
approaching the adhesion site. The acquisition of 3D
information at a resolution of 5-6 nm enables their inves-
tigation on the level of single filaments, as well as
visualization of different binding partners and membrane
linkers.

Concluding remarks

Looking toward the current and future prospects in
adhesion research, the challenges for advanced micro-
scopy will most likely grow considerably, to meet the
needs of adhesion researchers. As knowledge of the
scaffolding and regulatory components of the adhesion
machinery increases, there emerges a need to map the
various components of the adhesion sites, at a molecular
resolution. This mission could benefit from further de-
velopment of correlated microscopy — combining
super-resolution optical microscopy (e.g. [58]) with cryo-
ET. Conducting such experiments with a large variety of
fluorescently tagged FA molecules, could shed light on
the molecular mechanisms underlying FA scaffolding

and signaling activities. Monitoring physiological
changes in the molecular organization of FAs (e.g.
during cell spreading or migration), or following pharma-
cological or genetic perturbation of the adhesion
machinery will, most likely, require time-resolved cor-
related microscopy, combined with powerful quantitat-
ive imaging tools. Mapping of molecular interactions
within the adhesion site could be based on real-time
fluorescence resonance energy transfer (FRET) com-
bined with cryo-ET, and the relationships between
mechanical stress and FA function could be studied
by combining force traction microscopy with advanced
cryo-EM. In summary, correlative approaches combin-
ing cryo-E'T with a variety of optical methods that are
capable of quantifying molecular events in live cells, are
a central component in their development. Correlated
microscopy, combining data from optical and electron
microscopes remains a highly demanding technology,
but in view of its power and potential applications, one
may expect the development of automated tools for
sample registration and handling, which will become
broadly accessible.

Acknowledgements

Studies related to the biology of focal adhesions were supported by the
German-Israeli Cooperation Project (DIP H.2.2, to OM and BG), the Israel
Science Foundation, the Cell Migration Consortium [NIH grant no. U54
GMO064346] (BG), and an ERC Starting Grant (to OM). We would like to
express our gratitude to Barbara Morgenstern for excellent editorial
assistance.

BG is the incumbent of the Erwin Neter Professorial Chair in Cell and
Tumor Biology.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Heaysman JE, Pegrum SM: Early contacts between
fibroblasts. An ultrastructural study. Exp Cell Res 1973,
78:71-78.

2. Abercrombie M, Heaysman JE, Pegrum SM: The locomotion of
fibroblasts in culture. . Movements of the leading edge. Exp
Cell Res 1970, 59:393-398.

3. Dunn G, Jones G: Michael Abercrombie: the pioneer ethologist
of cells. Trends Cell Biol 1998, 8:124-126.

4.  Weston JA: In memory of Michael Abercrombie. Prog Clin Biol
Res 1982, 85(Pt B):1-4.

5. Singer II: The fibronexus: a transmembrane association of
fibronectin-containing fibers and bundles of 5 nm
microfilaments in hamster and human fibroblasts.

Cell 1979, 16:675-685.

6. Chen WT: Mechanism of retraction of the trailing
edge during fibroblast movement. J Cell Biol 1981,
90:187-200.

7. Lazarides E, Weber K: Actin antibody: the specific visualization
of actin filaments in non-muscle cells. Proc Nat/ Acad Sci U S A
1974, 71:2268-2272.

8. Goldman RD, Lazarides E, Pollack R, Weber K: The distribution of
actin in non-muscle cells. The use of actin antibody in the
localization of actin within the microfilament bundles of
mouse 3T3 cells. Exp Cell Res 1975, 90:333-344.

Current Opinion in Cell Biology 2010, 22:659-668

www.sciencedirect.com



Frontiers of microscopy-based research into cell-matrix adhesions Medalia and Geiger 667

9. Lazarides E: Actin, alpha-actinin, and tropomyosin interaction
in the structural organization of actin filaments in nonmuscle
cells. J Cell Biol 1976, 68:202-219.

10. Lazarides E, Burridge K: Alpha-actinin: immunofluorescent
localization of a muscle structural protein in nonmuscle cells.
Cell 1975, 6:289-298.

11. Weber K, Lazarides E, Goldman RD, Vogel A, Pollack R:
Localization and distribution of actin fibers in normal
transformed and revertant cells. Cold Spring Harb Symp Quant
Biol 1975, 39(Pt 1):363-369.

12. Lazarides E: Intermediate filaments — chemical heterogeneity
in differentiation. Cell 1981, 23:649-650.

13. Lazarides E: Intermediate filaments: a chemically
heterogeneous, developmentally regulated class of proteins.
Annu Rev Biochem 1982, 51:219-250.

14. Geiger B: A 130 K protein from chicken gizzard: its localization
at the termini of microfilament bundles in cultured chicken
cells. Cell 1979, 18:193-205.

15. Burridge K, Feramisco JR: Microinjection and localization of a
130 K protein in living fibroblasts: a relationship to actin and
fibronectin. Cell 1980, 19:587-595.

16. Burridge K, Connell L: Talin: a cytoskeletal component
concentrated in adhesion plaques and other sites of
actin-membrane interaction. Cell Motil 1983, 3:405-417.

17. Mangeat P, Burridge K: Actin-membrane interaction in
fibroblasts: what proteins are involved in this association?
J Cell Biol 1984, 99:95s-103s.

18. Turner CE, Glenney JR Jr, Burridge K: Paxillin: a new
vinculin-binding protein present in focal adhesions.
J Cell Biol 1990, 111:1059-1068.

19. Geiger B, Avnur Z, Kreis TE, Schlessinger J: The dynamics
of cytoskeletal organization in areas of cell contact.
Cell Muscle Motil 1984, 5:195-234.

20. Zamir E, Geiger B, Kam Z: Quantitative multicolor
compositional imaging resolves molecular domains in
cell-matrix adhesions. PLoS One 2008, 3:e1901.

21. Geiger B, Dutton AH, Tokuyasu KT, Singer SJ: Immunoelectron
microscope studies of membrane-microfilament
interactions: distributions of alpha-actinin, tropomyosin,
and vinculin in intestinal epithelial brush border and
chicken gizzard smooth muscle cells. J Cell Biol 1981,
91:614-628.

22. Geiger B, Tokuyasu KT, Dutton AH, Singer SJ: Vinculin, an
intracellular protein localized at specialized sites where
microfilament bundles terminate at cell membranes.
Proc Natl Acad Sci U S A 1980, 77:4127-4131.

23. Zaidel-Bar R, Geiger B: The switchable integrin adhesome.
J Cell Sci 2010, 123:1385-1388.

24. Zamir E, Geiger B: Molecular complexity and dynamics of
cell-matrix adhesions. J Cell Sci 2001, 114:3583-3590.

25. Zaidel-Bar R, ltzkovitz S, Ma’ayan A, lyengar R, Geiger B:
Functional atlas of the integrin adhesome. Nat Cell Biol 2007,
9:858-867.

26. Sabanay I, Arad T, Weiner S, Geiger B: Study of vitrified,
unstained frozen tissue sections by cryoimmunoelectron
microscopy. J Cell Sci 1991, 100(Pt 1):227-236.

27. Ben-Harush K, Maimon T, Patla I, Villa E, Medalia O: Visualizing
cellular processes at the molecular level by cryo-electron
tomography. J Cell Sci 2010, 123:7-12.

28. Medalia O, Weber |, Frangakis AS, Nicastro D, Gerisch G,

ee Baumeister W: Macromolecular architecture in eukaryotic cells
visualized by cryoelectron tomography. Science 2002,
298:1209-1213.

The first application of cryo-ET to intact eukaryotic cells revealed the

potential of this technology for analyzing cells in a close-to-life state at a

resolution of a few nanometers. The cytoskeleton, macromolecular com-

plexes and organelles were visualized in 3D in their native context.

29. Lucic V, Forster F, Baumeister W: Structural studies by electron
tomography: from cells to molecules. Annu Rev Biochem 2005,
74:833-865.

30. Dubochet J, Adrian M, Chang JJ, Homo JC, Lepault J,
McDowall AW, Schultz P: Cryo-electron microscopy of vitrified
specimens. Q Rev Biophys 1988, 21:129-228.

31. Frank J: Introduction: principles of electron tomography. In
Electron Tomography. Edited by Frank J. Plenum Press; 1992:1-13.

32. Radermacher M: Weighted back-projection methods. In Electron
Tomography. Edited by Frank J. Plenum Press; 1992:91-115.

33. Koster AJ, Grimm R, Typke D, Hegerl R, Stoschek A, Walz J,
Baumeister W: Perspectives of molecular and cellular electron
tomography. J Struct Biol 1997, 120:276-308.

34. Frank J, Wagenknecht T, McEwen BF, Marko M, Hsieh CE,
Mannella CA: Three-dimensional imaging of biological
complexity. J Struct Biol 2002, 138:85-91.

35. Dierksen K, Typke D, Hegerl R, Baumeister W: Towards

ee automatic electron tomography. 2. Implementation of
autofocus and low-dose procedures. Ultramicroscopy 1993,
49:109-120.

A key element in the application of cryo-ET to intact cells is computer-

controlled tomography. Biological samples can easily deteriorate, under

the electron beam. Therefore, the exposure time of vitrified cells must be

reduced to a minimum, as occurs in a fully automated process.

36. Dierksen K, Typke D, Hegerl R, Koster AJ, Baumeister W:
Towards automatic electron tomography. Ultramicroscopy
1992, 40:71-87.

37. Grimm R, Koster AJ, Ziese U, Typke D, Baumeister W: Zero-loss

e  energy filtering under low-dose conditions using a post-
column energy filter. J Microsc Oxford 1996, 183:60-68.

An emphasis on the importance of a post-column energy filter for cryo-ET

of cells was seminal in the application of cryo-ET to thick specimens and

cells. Using zero-loss imaging, the S/N ratio of individual projection and

the calculated reconstructed volume substantially improved.

38. Al-Amoudi A, Chang JJ, Leforestier A, McDowall A, Salamin LM,

. Norlen LP, Richter K, Blanc NS, Studer D, Dubochet J:
Cryo-electron microscopy of vitreous sections. EMBO J 2004,
23:3583-3588.

Cryo-electron microscopy of vitrious sections (CEMOVIS) enables ana-

lysis of tissues and cells in their hydrated state.

39. Al-Amoudi A, Diez DC, Betts MJ, Frangakis AS: The molecular
architecture of cadherins in native epidermal desmosomes.
Nature 2007, 450:832-837.

40. Castano-Diez D, Al-Amoudi A, Glynn AM, Seybert A, Frangakis AS:
Fiducial-less alignment of cryo-sections. J Struct Biol 2007,
159:413-423.

41. Gruska M, Medalia O, Baumeister W, Leis A: Electron
tomography of vitreous sections from cultured mammalian
cells. J Struct Biol 2008, 161:384-392.

42. Hsieh CE, Marko M, Frank J, Mannella CA: Electron tomographic
analysis of frozen-hydrated tissue sections. J Struct Biol 2002,
138:63-73.

43. Salje J, Zuber B, Lowe J: Electron cryomicroscopy of E. coli
reveals filament bundles involved in plasmid DNA segregation.
Science 2009, 323:509-512.

44. Al-Amoudi A, Studer D, Dubochet J: Cutting artefacts and
cutting process in vitreous sections for cryo-electron
microscopy. J Struct Biol 2005, 150:109-121.

45. Brown S, Levinson W, Spudich JA: Cytoskeletal elements of
chick embryo fibroblasts revealed by detergent extraction.
J Supramol Struct 1976, 5:119-130.

46. Small JV, Herzog M, Haner M, Abei U: Visualization of actin
filaments in keratocyte lamellipodia: negative staining
compared with freeze-drying. J Struct Biol 1994,
113:135-141.

47. Svitkina TM, Verkhovsky AB, McQuade KM, Borisy GG: Analysis of
the actin-myosin Il system in fish epidermal keratocytes:
mechanism of cell body translocation. J Cell Biol 1997,
139:397-415.

www.sciencedirect.com

Current Opinion in Cell Biology 2010, 22:659-668



668 Cell-to-cell contact and extracellular matrix

48.

49.

50.

51.

52.

53.

Heuser JE, Kirschner MW: Filament organization revealed
in platinum replicas of freeze-dried cytoskeletons.
J Cell Biol 1980, 86:212-234.

Bretschneider T, Diez S, Anderson K, Heuser J, Clarke M,
Muller-Taubenberger A, Kohler J, Gerisch G: Dynamic
actin patterns and Arp2/3 assembly at the substrate-
attached surface of motile cells. Curr Biol 2004,
14:1-10.

Wolfenson H, Lubelski A, Regev T, Klafter J, Henis YI, Geiger B: A
role for the juxtamembrane cytoplasm in the molecular
dynamics of focal adhesions. PLoS One 2009,

4:e4304.

Digman MA, Brown CM, Horwitz AR, Mantulin WW, Gratton E:
Paxillin dynamics measured during adhesion assembly and
disassembly by correlation spectroscopy. Biophys J 2008,
94:2819-2831.

Brown CM, Dalal RB, Hebert B, Digman MA, Horwitz AR,
Gratton E: Raster image correlation spectroscopy (RICS)
for measuring fast protein dynamics and concentrations
with a commercial laser scanning confocal microscope.
J Microsc 2008, 229:78-91.

Medalia O, Beck M, Ecke M, Weber |, Neujahr R, Baumeister W,
Gerisch G: Organization of actin networks in intact filopodia.
Curr Biol 2007, 17:79-84.

The organization and remodeling of the actin network during filopodia
protrusion was studied in D. discoideum, and analyzed in intact cells by
cryo-ET.

54. Urban E, Jacob S, Nemethova M, Resch GP, Small JV: Electron
tomography reveals unbranched networks of actin filaments
in lamellipodia. Nat Cell Biol 2010, 12:429-435.

55. Sartori A, Gatz R, Beck F, Rigort A, Baumeister W, Plitzko JM:
ee Correlative microscopy: bridging the gap between
fluorescence light microscopy and cryo-electron tomography.
J Struct Biol 2007, 160:135-145.
Correlative flourescent and cryo-EM is an essential tool to reconstruct
meaningful cellular structures, by means of cryo-ET. In this article, a cryo-
chamber for typical inverted flourescent microscopes is described.

56. Schwartz CL, Sarbash VI, Ataullakhanov Fl, Mcintosh JR,
Nicastro D: Cryo-fluorescence microscopy facilitates
correlations between light and cryo-electron microscopy and
reduces the rate of photobleaching. J Microsc 2007, 227:98-109.

57. Plitzko JM, Rigort A, Leis A: Correlative cryo-light microscopy
and cryo-electron tomography: from cellular territories to
molecular landscapes. Curr Opin Biotechnol 2009, 20:83-89.

58. Hein B, Willig KI, Hell SW: Stimulated emission depletion
(STED) nanoscopy of a fluorescent protein-labeled
organelle inside a living cell. Proc Nat/ Acad Sci U S A 2008,
105:14271-14276.

Current Opinion in Cell Biology 2010, 22:659-668

www.sciencedirect.com



	Frontiers of microscopy-based research into cell-matrix adhesions
	The morphology era
	The molecular era
	The molecular complexity era
	Studying the adhesion machinery by �cryo-electron microscopy
	Biological systems in 3D by cryo-electron tomography
	Imaging cytoskeletal networks by correlated fluorescence microscopy and cryo-electron tomography
	Concluding remarks
	Acknowledgements
	References and recommended reading


