Chapter 12

Overview: Imaging in the Study of Integrins

Christopher V. Carman

Abstract

Integrins play critical adhesion and signaling roles during development, wound healing, immunity, and
cancer. Central to their function is a unique ability to dynamically modulate their adhesiveness and signal-
ing properties through changes in conformation, both homo- and heterotypic protein—protein interactions
and cellular distribution. Genetic, biochemical and structural studies have been instrumental in uncover-
ing overall functions, describing ligand and regulatory protein interactions and elucidating the molecular
architecture of integrins. However, such approaches alone are inadequate to describe how dynamic integrin
behaviors are orchestrated in intact cells. To fill this void, a wide array of distinct light microscopy (largely
fluorescence-based) imaging approaches have been developed and employed. Various microscopy tech-
nologies, including wide-field, optical sectioning (laser-scanning confocal, spinning-disk confocal, and
multiphoton), TIRF and range of novel “Super-Resolution” techniques have been used in combination
with diverse imaging modalities (such as IRM, FRET, FRAP, CALI, and fluorescence speckle imaging)
to address distinct aspects of integrin function and regulation. This chapter provides an overview of these
imaging approaches and how they have advanced our understanding of integrins.
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1. Introduction

1.1. The Integrin Integrins represent a large family of heterodimeric adhesion/
Family of Adhesion signaling receptors composed of o and B subunits. In vertebrates,
Receptors 18 o-subunits, and 8 B-subunits form 24 known ab pairs. These

exhibit diverse cell expression patterns, ligand-binding proper-
ties, and coupling to cytoskeleton and signaling pathways (1). In
this way, integrins mediate dynamic cell-cell, cell-extracellular
matrix and cell-pathogen interactions and are critical for develop-
ment, cell migration, phagocytosis, platelet adhesion, and immu-
nological synapse formation.

Motomu Shimaoka (ed.), Integrin and Cell Adhesion Molecules: Methods and Protocols,
Methods in Molecular Biology, vol. 757, DOI 10.1007/978-1-61779-166-6_12, © Springer Science+Business Media, LLC 2011

159



160 C.V. Carman

1.2. Integrin Structure

1.3. Integrin Dynamics
and Regulation

Both integrin o and B subunits are type I transmembrane (TM)
glycoproteins with large extracellular domains, single spanning TM
domains and (with the exception of B4) short cytoplasmic domains
(Fig. 1a). The overall topology of integrins, initially elucidated by
electron microscopy studies, revealed a globular N-terminal ligand
binding “head” domain (a critical o and 3 subunit interface) stand-
ing on two long C-terminal “legs” or “stalks,” which connect
to the transmembrane and cytoplasmic domains of each subunit
(2) (Fig. la, right). X-ray crystallographic studies have revealed
complex domain structure in the extracellular region of both sub-
units (3, 4). Moreover, such studies demonstrated a surprisingly
compact three-dimensional overall topology consisting of legs that
were severely bent at the so-called genu or knee generating a
V-shaped conformation; In this structure, the head domain was
closely juxtaposed to the membrane-proximal portions of the legs,
which themselves were in close contact with each other (Fig. la,
left) (3, 4). As discussed below, the significant differences between
early EM and crystallographic studies suggested that integrins posses
a propensity for dramatic conformational rearrangements.

Among adhesion molecules, integrins are unique in their ability to
dynamically regulate their adhesiveness through a process termed
inside-out signaling or “priming,” which in turn leads to ligand
binding and signal transduction in the classical outside-in
direction (5). As illustrated in Fig. 1, integrins display a wide array
of interdependent dynamics (including changes in conformation,
diverse protein—protein interactions, and cellular distribution) that
collectively determine their adhesion and signaling properties. In
terms of adhesion, the overall strength of cellular adhesiveness (i.c.,
“avidity”) is governed by (1) the intrinsic affinity of the individual
receptor-ligand bonds and (2) the number of receptor-ligand bonds
formed (valency) (5). Whereas, affinity is dynamically modulated
by conformational changes in integrins, valency is governed by the
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Fig. 1. (continued) mediate diverse protein— protein interaction that include a wide
variety of ligands (leff), cytoplasmic cytosketelal/signaling molecules (center) and mem-
brane proteins (e.g., IAP, uPAR, or tetraspanins) (right) proteins. (d) Cellular Redistribution.
At a cellular level, integrins dramatically alter their distribution during adhesion and
migration over ligand-bearing substrates. On the /eft, a cell is shown with even cell
surface distribution. In the center is shown a cell spreading on a substrate bearing
integrin ligands. Integrins accumulate at an increased density at the substrate interface.
On the right is shown a polarized migrating cell in which integrins are particularly enriched
behind the lead edge of migration. Additionally, intracellular vesicular trafficking of integ-
rins is shown transporting integrins from the trailing to the leading edge. Integrin redistri-
bution, can occur proactively, through the cytoskeleton or vesicular trafficking and/or via
mass-action/diffusion. In turn, these properties are strongly influenced by affinity for
ligand, microclustering, and cytoskeletal associations.
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Fig. 1. Integrin Dynamics. Integrin regulation involves interdependent dynamic behav-
iors that are relevant at a range of spatial scales. (@) Conformational Change. At the
molecular level, integrins undergo dramatic large-scale conformational changes, which
are coupled to altered affinity for ligand, cytoskeletal proteins, and signaling mole-
cules. The compact “V”-shaped low affinity/inactive conformer (“closed”) is shown on
the left. Note the extreme bend in the legs at the “genu,” that the head domain is jux-
taposed to the plasma membrane and that the o and 3 subunit membrane and cyto-
plasmic domains are closely associated. On the right is the extended (“open”), high-affinity
conformer. Note that the head domain sits ~15-20 nm above the plasma membrane and
that the membrane and cytoplasmic domains of the o and B subunit have separated.
(b) Homotypic Interactions (Microclustering). Integrins undergo lateral associations
with each other, which may be driven by direct interaction between individual integrin
heterodimers, but also influenced by other protein interactions (see ¢, below) or asso-
ciation with membrane domains (e.g., lipid rafts). Such micron-scale clustering critically
influences adhesiveness and signaling properties. (¢) Heterotypic Interactions. Integrins
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1.3.1. Conformational
change and Affinity
Modulation

1.3.2. Homotypic Protein
Interactions
(Microclustering)

1.3.3. Heterotypic Protein
Interactions

density of receptor and ligand within the zone of cell adhesion,
which in turn is a function of microclustering, diffusion and active
transport of integrins, as well as cell spreading (5). Outside-in
signaling by integrins is governed by all of the above activities,
which also feeds back to modulate these activities (6-10). Thus, a
central challenge to understanding integrin function is elucidating
how their diverse regulatory processes are integrated.

Studies with soluble monomeric ligands demonstrate that ligand-
binding affinity is dynamically modulated in integrins. In resting
conditions integrins reside in an inactive state, which exhibits rela-
tively low affinity for ligand. Upon cellular stimulation (e.g., by
chemokine) inside-out signaling drives transition to activated
states (i.e., with intermediate or high affinity for ligand). It is now
known that the “V”-shaped bent (“closed”) integrin conforma-
tion (Fig. la, left) represents the inactive state, whereas priming
and ligand binding are associated with large-scale conformational
rearrangements in which the integrin extends (with “switch-blade”
like motion) into an “open” conformation (Fig. la, right) (11-14).
Progressively detailed studies have elucidated mechanisms for link-
ing these global rearrangements to the specific intradomain
conformational changes that are directly responsible for affinity
modulation (1). In addition to crystallographic, EM and bio-
chemical studies, imaging approaches have been critical for eluci-
dating these mechanisms, as discussed below.

Among the mechanisms for regulating avidity (as well as outside-in
signaling) formation of laterally associated, micron-scale integrin
aggregates (a process termed “microclustering”) is thought to play
central roles (Fig. 1b). Several studies suggest that, upon transition
to the open conformation, direct homotypic associations between
the transmembrane domains of neighboring integrins may be
important for driving microclustering (15-18). These interactions
may be modulated by association with the cytoskeleton (5,7,19-23)
and/or association with lipid raft domains (24-27).

Integrins undergo dynamic heterotypic interactions with diverse
proteins including extracellular ligand, membrane proteins (e.g.,
tetraspanins, IAP (CD47), uPAR (CD87), and Fcy receptors
(28, 29)), cytoskeletal adaptor proteins and signaling molecules (see
Fig. 1c). These dynamics participate in both inside-out signaling/
priming (to facilitate adhesion) and outside-in signals (that result
from ligand binding) in interdependent ways. For example, binding
of multivalent ligands can both be facilitated by integrin microclus-
tering and help drive/stabilize microclusters. Lateral association
with tetraspanin membrane proteins may further facilitate integrin
microclustering (28). Furthermore, binding and unbinding of
cytoskeletal adaptor proteins (e.g., talin, vinculin, paxillin, tensin)
also functions both in promoting adhesion and in cellular responses
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to ligand binding (5, 7, 19-23). Finally, outside-in signaling
responses in integrins are initiated by binding of cytoplasmic
signaling molecules, such as FAK, ADAP, ILK, and RapL, as a
consequence of both microclustering and ligand-stabilized con-
formational changes (30-34).

In addition to microclustering (discussed above), integrins dramati-
cally modulate their cell surface distribution on a broader scale, par-
ticularly during processes of spreading, polarization, and migration
on adhesive substrates and during phagocytosis and immunological
synapse formation (32, 35-37) (Fig. 1d). Studies have shown
dynamic changes in tethering to the cytoskeleton during activation
and ligand binding alter integrin diffusivity and, thus, the propensity
to redistribute to or from zones of contact with ligand (5, 7, 19-23,
38). In addition, active processes, such as vesicular trafficking of inte-
grins (39, 40) and Rapl- and RapL-driven polarization of integrins
to the lamellipodia (41, 42), represent important active modes of
integrin redistribution (Fig. 1d).

2. Light

Microscopy
in the Study
of Integrins

2.1. Nonfluorescence
Light Microscopy

The previous section illustrates that integrin function/regulation
involves a variety of discrete, yet interdependent, dynamics, each
with distinct spatial and temporal scales. Thus, understanding integ-
rin function/regulation requires a range of approaches suitable to
the investigation of each of these dynamics. Though imaging through
electron and scanning probe (e.g., atomic force) microscopy have
utility in studying integrins, optical /light microscopy-based imaging
(especially using fluorescence) has proven to be exceptionally power-
ful in this regard and is the focus of this chapter.

“Light microscopy” comprises an increasingly complex collec-
tion of approaches that can provide diverse types of information
when applied to biological samples. Fundamentally, these approaches
derive from the combination of specific microscope system designs
(referred to here as “microscope technologies”) and methods of
using these systems (i.e., “imaging modalities”). In the following
sections we will describe fundamental aspects of the major light
microscope technologies and imaging modalities along with discus-
sion how each have been applied to the study of integrins.

In its simplest form, light microscopy involves shining white light
on a sample and using lenses to variously assess the light transmis-
sion, reflection, and diffraction as it interacts with the sample.
Commonly used optical configurations include bright field, phase
contrast and differential interference contrast (DIC), which are
all broadly applicable to visualizing cells (43). In the context of
integrin substrates, these techniques provide important, albeit
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2.2. Fluorescence
Light Microscopy

2.2.1. Fluorescence
Defined

indirect, measures of integrin function by allowing visualization
of cell adhesion, spreading, polarization, and migration.

Interference reflection contrast microscopy (IRM) is a some-
what more specialized imaging technique, which is particularly well-
suited for characterizing aspects integrin function. The basic principal
of IRM is the imaging of interference patterns in reflected light cre-
ated by thin (on the order of a fraction of the wavelength of light)
spaces between materials, such as those between a coverslip and an
opposing cell membrane (44). Several relatively simple optical con-
figurations can be used to achieve IRM imaging on basic light, as
well as laser-scanning confocal (see below), microscopes (44—406).
IRM is particularly useful for imaging the distribution and dynamics
of areas of cell-substrate adhesion where the close apposition gives
rise to dark areas against a bright background of reflected light. Such
dark spots are often correlated with clusters of integrins and integrin-
associated proteins (e.g., vinculin and talin) marking specific adhe-
sion structures, such as focal contacts, focal adhesions, podosomes,
invadopodia and immunological synapses (37, 44—47).

Finally, single particle tracking (SPT) is a nonfluorescent method
for direct visualization of diffusive dynamics of individual integrin
molecules on the membrane surface (48). SPT uses optically
dense (~1 pm) polystyrene beads coated with low density of anti-
body or ligand, which serve as probes for membrane proteins
(48). When coupled to DIC imaging at high temporal resolution,
SPT can extract information on the trajectory of integrin movement
and diftusion coefficients (48). In this way, SPT has shown that
the diffusion of the integrin LFA-1 is determined by both integrin
conformation and cell activation status and that confinement of
LFA-1 by cytoskeletal attachment regulates cell adhesion both
negatively and positively (20, 21, 38).

By far the most broadly used imaging approaches to characterize
the distribution dynamics and activity of integrins in intact cells
and tissues are those based on fluorescence microscopy. Through
use of appropriate tags/probes (see below) that label integrins (or
related molecules of interest) fluorescence microscopy allows
dynamic and noninvasive molecular imaging. As discussed in this
section, these fundamental techniques offer flexible building
blocks for diversely informative imaging modalities.

Fluorescent molecules (i.e., “fluorophores” or “fluorochromes”)
exhibit the property of being able to “borrow” photons of light
for short periods of time before releasing them at a lower energy
level (i.e., of a longer wavelength) (Table 1 and Fig. 2a—c). Ideal
fluorophores exhibit a sharply defined wavelength range that they
can absorb (i.e., excitation/absorption maxima). Upon photon
absorption fluorophore electrons are raised to an excited state.
After resonating for a period of time (“fluorescence lifetime”;
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Fluorescence terminology

Term

Definition/comments

Absorption

Auto-fluorescence

Brightness

Contrast

Emission

Emission maxima
Excitation

Excitation Maxima
Extinction coefficient
Fluorochrome

Fluorophore

Fluorescence

Fluorescence lifetime

Photo-activation

Photo-bleach

The uptake of an incident photon by a fluorophore, which drives its
electrons into an excited state

Endogenous fluorescence within a sample that may provide significant
background “noise,” particularly when using higher energy excitation
(i.e., shorter wavelengths). In cells auto-fluorescence mostly comes from
pyridinic (NADPH) and flavin coenzymes, as well as aromatic amino acids
and lipo-pigments. Unhealthy/dyeing cells exhibit elevated
auto-fluorescence. In tissues, extracellular matrix proteins (e.g., collagen
and elastin) provide a significant source of auto-fluorescence

The overall intensity of a fluorophore defined by its extinction coefficient,
quantum yield, and photo-stability

The degree to which specific fluorescence can be distinguished from
reflected light and auto-fluorescence. Contrast is determined by fluoro-
phore brightness and concentration, as well as, imaging parameters, such
as intensity of excitation light source and exposure time

Photon release from an excited fluorophore during relaxation to the ground
state

The center point in a distribution curve of light wavelengths that are most
intensely emitted by a specific fluorophore after excitation

The elevation of a fluorophore to an excited electronic state as a result of
absorbing a photon

The center point in a distribution curve of wavelengths that are most
efficiently absorbed by a fluorophore

A measurement of how strongly a chemical species absorbs light at a given
wavelength

See fluorophore

A component of a molecule, which causes a molecule to be fluorescent. The
amount and wavelength of the absorbed and emitted energy depend on
both the fluorophore and the chemical environment of the fluorophore

The process of by which certain molecules (i.¢., fluorophores) absorb
photons of a specific wavelength, become electronically “excited” and
then “relax” to the ground state by emitting a photon of reduced energy
(and longer wavelength)

The average time the molecule stays in its excited state before emitting a
photon

The property of certain fluorophores to require absorption of specific
wavelengths of light in order to produce photo-chemical conversion from
a nonfluorescent to a fluorescent state

The photo-chemical destruction of a fluorophore as a result of photon
absorption

(continued)
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Table 1
(continued)

Term

Definition/comments

Photo-switching

Photo-stability

Photo-toxicity

Stokes shift

Quantum yield

Quenching

The property of certain fluorophores to undergo photo-chemical conver-

sions that alter their fluorescent properties (specifically absorption and
emission maxima) as a consequence of photon absorption

The relative resistance of a fluorophore to photo-bleaching

A phenomenon known in live-cell imaging in which illumination of a

fluorophore causes the cell damage and death. The main cause for
photo-toxicity is the formation of oxygen radicals due to nonradiative
energy transfer

The difference between absorption and emission maxima for a given

fluorophore

The efficiency of the fluorescence process, defined as the ratio of the

number of photons emitted to the number of photons absorbed

Any process which decreases the fluorescence intensity of a given substance.

A variety of processes can result in quenching, such as excited state
reactions, energy transfer, complex-formation, and collisional quenching

typically on the scale of nanoseconds), the fluorophore electrons
“relax” back to the ground state, releasing a photon in the process
(“emission”). Emitted photons are of lower energy and, therefore,
of longer wavelength than the absorbed photons. The difference
in excitation and emission wavelengths is known as the Stokes
Shift. The commonly used green fluorophores FITC, Alexa488,
and GFP absorb blue photons (~490 nm wavelength) optimally
and in turn releases lower energy green light (~520 nm) and,
thus, have Stokes Shift of ~30 nm (Fig. 2b). The red fluorophores
rhodamine, Cy3, and DsRed absorb yellow light (~530 nm) and
emit red light (~570 nm; Stokes Shift is ~40 nm) (Fig. 2¢). The
principal of fluorescence microscopy is to take advantage of the
Stokes Shift, using carefully designed wavelength-specific filters (or
alternate techniques) to separate reflected excitation light from
the emitted light. When fluorophores are used in conjunction with
appropriate “probes” (see below) they enable noninvasive and
dynamic imaging of molecules of interest in intact cells.

In practice, there are several fundamental features of fluores-
cence that need to be carefully considered/managed to produce
effective imaging (Table 1). Extinction coefficient, quantum yield,
photo-stability /photo-bleaching and photo-toxicity are among the
most critical. Extinction coefficient describes the efficiency of photon
absorption by a fluorophore, whereas quantum yield is the efficiency
with which excited fluorophores ultimately emit photons. Together
these parameters determine brightness. The process of fluorescence
is usually coupled to oxidative destruction of the fluorophore
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Fig. 2. Basics of Fluorescence and FRET. (a) Visible light spectrum displaying from left to right high to low energy (i.e.,
short to long wavelength). (b, ¢) The principle of fluorescence illustrated for two distinct fluorophores, which have proper-
ties roughly similar to common green (e.g., FITC, Alexa488, GFP; b) and red (e.g., Rhodamine, Cy3, DsRed; ¢) fluoro-
phores. In each case, the emitted photons are shifted toward lower energy/longer wavelengths than those absorbed (i.e.,
exhibit a Stoke’s Shift) due to energy dissipation during excited state “vibrations.” (d) Fluorescence Resonance Energy
Transfer (FRET). FRET is the nonradiative (that is without intermediate emission of a photon) transfer of excited state
energy from on “donor” fluorophore to an “acceptor” fluorophore. FRET is a highly distance-dependent phenomenon and
can be used as a “spectral ruler” to measure conformational changes or molecular interaction on the spatial scale of
~3-6 nm. Thus, when appropriately matched donor and acceptor come into close proximity and are exposed to light
close the donor absorption maxima the donor emission becomes quenched and in turn the acceptor fluorophore under-
goes “sensitized emission.” In practice, FRET assays often monitor donor quenching, sensitized emission or donor fluo-
rescence lifetime as a readout for FRET.

(photo-bleaching). Fluorophores exhibit vastly diftering resistance
to such destruction (i.e., photo-stability). Oxidative processes (e.g.,
reactive oxygen species (ROS) generation) that are coupled to
absorption of photons both by fluorophores and endogenous “auto-
fluorescent” molecules (see Table 1) can produce damage to pro-
teins and other biomolecules that may substantially compromise cell
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2.2.2. Fluorescent Probes

health (i.e., cause cytotoxicity, a process specifically referred to as
“photo-toxicity”). Central challenges in fluorescence microscopy are
to manage signal strength, contrast and resolution, while minimizing
bleaching and toxicity, which are particularly important for thick
samples or those requiring repeated imaging over long durations.

Meaningful fluorescence microscopy requires specific labeling of
biomolecules of interest with appropriate fluorescent molecules
(i.e.,via “fluorescent probes”). Fluorophores and tagging techniques
widely used in the study of integrins are discussed below.

Fluorophores. Commonly used fluorophores can be classified as small
(molecular weights ~300-500 kDa) organic dyes, fluorescent
proteins (FPs), and quantum dots (QDs). Traditional fluorescein-
and rhodamine-based dyes have been broadly used, but recently
replaced by a wide spectral variety of new generation Alexa and
Cy dyes, which exhibit superior brightness, photo-stability and
hydrophilicity. These are available in broad formats for chemical
conjugation to molecules of interest. Fluorescent proteins (FD)
are ~30 kDa B-barrel domains surrounding a cyclized peptide
fluorochrome. Since the discovery of green fluorescent protein
(GFP) from the Aegquoren jellyfish, a full pallet of FP colors have
been discovered/engineered (49, 50). In addition, a variety of
photo-activatable, photo-switchable, pH-sensitive, and reactive
oxygen species (ROS) photo-synthesizing FPs have been devel-
oped that support advanced imaging approaches (49, 50). QDs
are inorganic nano-crystals of ~10-30 nm in size that exhibit
brightness that is ~10-100-fold greater than organic dyes or FPs
and are virtually non-photo-bleachable (50).

Techniques to Tayg Proteins: Basic approaches for tagging biomol-
ecules of interest include immunolabeling and genetic tagging.
Immunolabeling uses antibodies that have been covalently conju-
gated with either small organic dyes or QDs. Immunolabeling
can be accomplished using primary antibodies directly conjugated
to fluorophore or by combination of nonfluorescent primary
antibody followed by fluorescent secondary antibodies. This indi-
rect approach is widely used for its relative convenience (based on
the broad commercial availability of conjugated secondary, but
not most primary antibodies), but has limited flexibility for
concomitant labeling of multiple proteins (based on the need
for primary antibodies derived from distinct species). Whether,
using a direct or indirect approach, a further concern relevant to
live-cell imaging is the fact that antibodies are relatively large
(~150 kDa) and bivalent molecules, which can induce protein
cross-linking or otherwise alter target function through steric
effects. This can be partially overcome by use of enzymatically
generated monovalent antibody fragments (fAbs; ~50 kDa). The
large extracellular epitope surfaces of integrins have made them
casy targets for immunolabeling. Moreover, their profound
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conformational changes associated with activation have been
exploited to generate antibodies specific for active conformations.
In this way, researchers have been able to concomitantly monitor
distribution and activation state.

Genetic tagging involves modifying the sequence of the pro-
tein of interest to directly incorporate a fluorescent tag (i.e., FP)
or to incorporate a sequence that can facilitate the subsequent
labeling with an exogenous fluorescent tag. FPs have become
widely used in the study of integrins though fusing them (usually
with use of several amino acid flexible linkers) to the C terminus
of integrin a- and B-subunits (see Fig. 3). Additionally, many

a Heterdimerization & Cytoplasmic b Extention from Membrane
Domain Separation

{fluorescent fAb or
peptide ligand)

{fluorescent lipid)

d Binding to Cytoskeletal & Signaling Molecules

{fluorescent proteins)

6_ A = FRET Acceptor

D = FRET Donor

(luorescent proteins)

Fig. 3. FRET Approaches to Studying Integrins. FRET has been profoundly important for characterizing integrin regulation
and employed in diverse ways to address distinct question. (a) Heterodimerization and Cytoplasmic Domain Separation.
Integrin o and B subunits are differentially fused to FPs that can serve as FRET donors (“D”) and acceptors (“A”). Strong
FRET under basal conditions demonstrated that the when heterodimers form, o and 3 cytoplasmic domains are in close
apposition. Strong loss of FRET upon integrin activation, ligand binding in the extracellular domain or talin binding in the
cytoplasmic domain demonstrated the separation of the cytoplasmic domains in such settings. (b) Head Domain Extension
from the Plasma Membrane. Fluorescent fAb fragments or peptide ligands that bind the head domain are used as FRET
donors. Fluorescent lipids that intercalate into the plasma membrane are used as acceptors. Strong quenching of donor
signal in the basal state that was relieved by activation or ligand binding demonstrated in intact cells that the head
domain extends away from the plasma membrane during activation. (¢) Microclustering. Similar to A, above, FP donors
and acceptors are fused to the cytoplasmic domains. However, here donor and acceptor are both on either the o or the
B subunit. In this experimental design significant FRET can only occur if individual heterdimers come into close apposi-
tion. (d) Binding of Cytoskeletal and Signaling Molecules. Donor and acceptor FPs are differentially fused to the cytoplas-
mic domain of one of the integrin subunits and a signaling/cytoskeletal protein of interest in order to monitor integrin
binding to cytoplasmic proteins.
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integrin-binding proteins such as talin, vinculin, paxillin, and
focal-adhesion kinase (FAK) have similarly been labeled with EPs
at their N- or C-termini. Thus, distribution dynamics of integrins
and integrin interacting proteins can be monitored concomitantly
in intact live cells (see Fig. 3).

The concept of indirect genetic tagging was first introduced
by the addition of small peptide epitopes (e.g., “Myc,” “Flag,”
and “HA” epitopes), to provide reactivity to well-characterized
antibodies. This, “engineered” immunolabeling approach sug-
gested potential for more diverse and flexible protein tagging
strategies. The first such strategy to be realized involved addition
of a 12 residue peptide sequence to intracellular proteins that
allows for specific and high-affinity binding of the membrane per-
meable biarsenical green and red fluorophores “FIAsH” and
“ReAsh,” respectively (49). However, several critical technical
issues, including the cytotoxicity of the dyes, have severely limited
the utility of this approach. Recently, another novel strategy was
developed using the integrin LFA-1 and the fungal enzyme cuti-
nase in combination with its suicide substrate p-nitrophenyl phos-
phonate (51). Thus, cutinase was genetically inserted into the
extracellular domain of LFA-1 in a manner that did not appreciably
influence integrin function or conformational regulation. In this
way, it became possible to efficiently, specifically, and covalently
label cell surface LFA-1 integrins with p-nitrophenyl phosphonate-
conjugated small molecules and QD fluorophores (51).

Integrin ligands as fluovescent probes: Integrin ligands themselves,
as well as integrin small molecules inhibitors, have been employed
as integrin imaging probes with unique properties. In the sim-
plest form, small molecule and peptide ligands conjugated to
fluorophore have been used in a manner similar to antibodies to
label integrins. For example, fluorescein-conjugate derivatives of
the LDV tri-peptide VLA-4 ligand or synthetic LFA-1 inhibitor
BIRT-377 have both been used as integrin probes to monitor
integrin conformation in the context of specific FRET assays (see
below) (52, 53). Fluorescent ligands presented in the context of
membrane can provide a readout for integrin behavior that is
somewhat less direct, but in some ways more physiologic. An
excellent example of this is the use of fluorescently conjugated
ICAM-1 (aligand for LFA-1) linked to a membrane tether (GPI)
presented on the surface of a glass supported lipid planar bilayer
as a readout for integrin rearrangements during formation of
immunological synapse (37). With this approach, the initial integrin
clustering and ligand binding by lymphocytes at the center of
adhesive contacts and the progressive rearrangement into “peripheral
supramolecular adhesion clusters” (pSMACs) during antigen
recognition were defined (37). Moreover, VCAM-1(a ligand for
the integrin VLA-4)- and ICAM-1-FP fusion proteins transfected
into adherent cells (e.g., endothelial, epithelial, or CHO K1)
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provides a readout for integrin-driven ligand clustering, membrane
reorganization, and topological alterations (including formation
of “transmigratory cups,” “docking structures,” podosomes’; and
“adhesion rings”) during migration of blood leukocytes (54-58).

Wide-field fluorescence or “epifluorescence” microscopy is
perhaps the most versatile, accessible, and atfordable approach for
conducting fluorescence imaging (see Table 2). Typical epifluo-
rescence systems use a broad-spectrum excitation light source
(e.g., mercury or xenon arc lamp) that is directed through an
excitation filter to select desired excitation wavelengths (i.e.,
appropriate for a specific fluorophore in the sample). This light
then passes through an objective lens and floods the entire sample
imaging field with photons (hence the term wide-field). Reflected
incident light and emitted fluorescent light pass back through the
objective and then are then filtered by a combination of a dichroic
mirror and emission filter (matched to the emission maxima of
the fluorophore) before traveling to the detector (typically a
charge-coupled device (CCD) camera).

Inherent advantages of wide-field imaging include sensitivity
(and therefore the ability to use relatively low intensity excitation)
along with relatively rapid image acquisition. Thus, for many (at least
in vitro) systems wide-field microscopy is an excellent choice for
dynamic imaging. As stated above, such systems are flexible and
easily combined with most basic and advanced (e.g., FRET, FRAP,
FLIP, etc.) fluorescence imaging modalities. Moreover, it is relatively
straightforward to acquire multiple fluorescence and nonfluores-
cence channels in parallel over time. As a result, this basic technology
has been used in an enormous number of studies to concomitantly
image the localization dynamics of integrins and integrin-associated
proteins during processes such as adhesion, migration, and phago-
cytosis. As discussed below, the most significant deficiency in
wide-field imaging comes in the resolution of submicron range infor-
mation (particularly when handling relatively thick samples) and in
3D reconstruction from serial images acquired along the z-axis.

An inherent limitation of traditional wide-field fluorescence imag-
ing is the simultaneous excitation of fluorophores throughout the
sample, both within and outside of the focal plane. As a result,
out of focus light enters the detector and creates background
“noise,” which convolutes the signal coming from fluorophores
within the focal plane, thereby limiting resolution. Optical
sectioning microscopy aims to eliminate this effect in order to
improve resolution in the x-y plane and facilitate 3D reconstruc-
tion of samples via serial sectioning along the z-axis. Several dis-
tinct technologies have been developed to achieve optical
sectioning, each offering distinct advantages and limitations, as
discussed below (Table 2).
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Laser-scanning fluovescence confocal microscopy (LSCM): Cont-
rasting wide-field fluorescence, LSCM confocal microscope uses
laser-mediated point illumination and a pinhole in an optically con-
jugate plane (i.e., “confocal”) in front of the detector to eliminate
out-of-focus light (59). Since only a single point in the sample is
excited at a time, 2D or 3D imaging requires raster scanning over
the sample. No doubt, LSCM remains the most robust and versa-
tile optical sectioning technology and has excelled in resolving
static 3D structures and conduct analytical co-localization studies.
However, LSCM also suffers from a range of limitations including
relatively long scan times, high-energy excitation, and limited sen-
sitivity (owing to the “wasted” photons rejected by the pinhole).
In practice, the resulting photo-bleaching, photo-toxicity, and low
temporal resolution make LSCM a relatively poor choice for time-
lapse imaging of rapid events or of those requiring extended
durations.

Spinning-disk fluovescence confocal microscopy (SDCM): Spinning
(or Nipkow) disk confocal microscopy relies on the same basic
principals as LSCM. However, SDCM replaces a rastering laser/
pinhole system with a pair of disks arrayed with a series of pin-
holes spinning in unison (60, 61). The advantage to SDCM is
that of offers much fast, indeed video rate, sectioning, and lower
excitation energy than LSCM, thereby enabling time-lapse 3D
imaging of samples (i.e., 4D imaging). However, the quality of
imaging is inferior to LSCM and sensitivity is low compared to
wide-field microscopy.

Multiphoton fluovescence microscopy (MPFM): Though often
referred to as a “confocal” technology, MPEFM, in fact, achieves
optical sectioning in a manner fundamentally distinct from truly
confocal microscopes (see above). The principal, instead, is to
only excite fluorophores within the focal plane. This is achieved
using mode-locked pulsed lasers that deliver low energy, long
wavelength (specifically ~twice that of the fluorophore absorption
maxima) photons that get driven into high density within ~1 um
of the focal plane (62). At such density, individual fluorophores
have the opportunity to concomitantly absorb two or more pho-
tons providing sufficient energy for excitation (That is, a fluoro-
phore that can be excited by a single photon of ~490 nm can
alternatively be excited by concomitantly absorbing two photons
of ~980 nm (each of which have twice the wavelength and half of
the energy of a 490 nm photon)). Outside the focal plane little
light absorption or excitation takes place because the density of
photons is too low. This allows for much deeper penetration and
greatly reduced photo-bleaching and photo-toxicity in thick sam-
ples. Moreover, since only fluorophores within the focal plane
emit photons, MPFM can be used with direct detection systems
(lacking pinholes), which significantly improves sensitivity. Taken
together, the features of MPEM are ideally suited for intravital
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imaging, where it has been exploited to characterize a variety of
integrin-dependent processes such as leukocyte trafficking (63).
It is important to note that for relatively thin samples, such as
cultured cell monolayers, MPEM is largely similar to LSCM in
terms of scan times, photo-toxicity, and photo-bleaching.

Total internal reflection fluorescence (TIRF) microscopy is a
unique technology that offers exceptionally high axial resolu-
tion (64). TIRF takes advantage of the fact that under condi-
tions of total internal reflection (i.e., light striking an interface
between materials of distinct refractive indices at sufficiently
high incident angle) an evanescent energy wave is propagated
perpendicular to the plane of the interface. The rapid exponen-
tial decay in energy intensity of this wave means that only fluo-
rophores located very close to the cell-substrate interface can be
excited, which effectively yields an axial resolution of ~100 nm
(surpassing confocal or multiphoton optical sectioning by
approximately five- to tenfold). That TIRF is inherently imag-
ing only of the ventral cell-substrate interface makes it an ideal
system for studying integrin substrate adhesion. Indeed, many
studies (often coupled to other technologies) have exploited
TIRF to characterized focal adhesion and podosome composition/

dynamics, as well as integrin conformational states during
adhesions (65-69).

Nanometer-scale resolution imaging has traditionally been the
realm of electron, and more recently scanning probe (e.g., atomic
force) microscopy (70). Resolution of optical microscopy has
been characterized as being limited by diffraction (the process by
which waves of light become distorted to create interference pat-
terns as they pass through optical lenses). Thus, a single point
source of light becomes blurred into a broader distribution of
light intensities (that can be described by a point spread function;
PSF), with maximal achievable resolution of ~200 nm in the x-y
plain and ~600 nm along the z-axis (values that are inherently
dictated by the wavelength of light). A range of technologies,
broadly characterized as “near-field” and “far-field,” have over-
come the diffraction limit and ushered in an emerging era of
super,/nano-resolution optical fluorescence microscopy (or “optical
nanoscopy” (71)), which is already adding to our understanding of
integrin-mediated functions.

Near-field scanning optical microscopy (NSOM/SNOM): NSOM
was one of the first techniques to overcome the diffraction limit,
and did so by exploiting the properties of evanescent waves. In
NSOM, a nanometer-scale detector is placed at a very short dis-
tance (also on the scale of nanometers) to the specimen surface.
With this technique, the resolution of the image is limited by the
size of the detector aperture rather than the excitation wavelength,
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yielding lateral resolution of 20 nm and vertical resolution of
2-5 nm (72, 73). Furthermore, because of the extremely small
near-field excitation volume (and therefore reduced background
fluorescence from the cytoplasm), NSOM sensitivity extends to
the level of single molecule detection. The downside, however, to
this feature is that this technique is limited to imaging of the
sample surface. NSOM is also generally quite requires highly spe-
cialized equipment/expertise and has, therefore, been applied
only to a limited degree. Nonetheless, NSOM has provided
insights to integrin behavior (73). Specifically, NSOM has been
exploited to analyze the spatio-functional relationship between
the integrin LFA-1 and lipid raft components (GPI-APs) on
immune cells. Such studies revealed previously unappreciated
nanoscale building blocks and hierarchical aggregation pathways
driving activation/ligand-dependent integrin clustering (72, 73).

Far-field optical nanoscopy (FFON): Contrasting NSOM, FFON
(as the name implies) allows nanoscale resolution at working dis-
tances similar to those for most other types of optical microscopy.
FFON is not a single technique but rather a term that captures a
collection of diverse approaches (such as, 4pi, STED, SPEM,
PALM, and STORM) being developed for nanoscale optical
imaging (71, 74). Among these, PALM (photo-activated local-
ization microscopy (66, 67, 75)) and STORM (Sub-diffraction-
limit imaging by stochastic optical reconstruction microscopy
(76)) seem to show the most promise. These both take advantage
of recent advances such as the development of photo-switchable
fluorophores, high-sensitivity microscopes, and single particle
localization algorithms to achieve resolution of several nanome-
ters. At the moment, these approaches remain rather sophisti-
cated requiring highly specialized equipment and expertise and
additionally require substantial off-line computational time/
power (Table 2) (71, 74). There are also a number of limitations
in the experimental setup, such as need for photo-switchable fluo-
rophores, that are nontrivial.

Despite the limitations, FFOM represents an exciting frontier
in bio-imaging that has already shown utility in the study of inte-
grins and adhesion biology. Among the first applications of FFOM
was the use of PALM to visualize vinculin in focal adhesions and
actin within a lamellipodium of fixed cells with 2-25 nm resolu-
tion (75). Shortly thereafter, PALM was used to investigate nano-
scale dynamics within individual adhesion complexes (ACs) in
living cells under physiological conditions (66, 67). In this study,
AC dynamics were visualized (with 25 s temporal resolution and
60 nm spatial resolution) allowing measurement of the fractional
gain and loss of individual paxillin and vinculin molecules as each
AC evolved (66, 67).
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As discussed above diversity in imaging comes from the intersection
of technologies and the means by which these are applied (i.e.,
“modalities”). Whereas the former emphasizes the role of hard-
ware and fundamental capabilities of equipment (Table 2), the
later emphasizes image acquisition/processing protocols and
experimental design features such as choice of fluorescent probe
and how these are introduced into the system and subsequently
manipulated. The most rudimentary imaging modalities involve
determining subcellular distribution of molecules and/or organ-
elles of interest with respect to each other, often during dynamic
processes such as adhesion and migration. A wide range of
advanced imaging modalities have been developed that allow for
discrete aspects of molecular behavior to be probed. Below, we
focus on those most extensively exploited (or show important
potential) for understanding integrins.

FRET microscopy encompasses multiple techniques that allow
for nanometer-scale conformational changes or intermolecular
interactions to be probed with high spatial and (often) temporal
resolution in intact cells (77, 78) (Fig. 2d). As described above
(Subheading 2.2.1), fluorophores “borrow” photons of particu-
lar wavelengths for a short period of time before releasing pho-
tons of longer wavelengths (i.e., of lower energy). FRET takes
advantage of the process described by Theodor Forster in which
appropriately matched “donor” and “acceptor” fluorophores can
directly pass energy on through “resonance” without intermedi-
ate release of photons when they are in close physical juxtaposi-
tion (i.e., ~2-10 nm apart) (Fig. 2d) (77, 78). As a result, the
emitted donor wavelength is “quenched” by the acceptor result-
ing in “sensitized” fluorescence emission at the acceptor emission
wavelength. In practice FRET can be measured by monitoring
the ratio of donor and acceptor emission (ratiometric FRET), the
quenching of the donor emission or the fluorescence lifetime of
the donor.

Fluorescence lifetimes can be monitored by FLIM (fluores-
cence lifetime imaging microscopy), which makes use of pulsed
lasers (such as those used in MPFM, above) to induce temporally
discrete excitation events and then measures fluorescence lifetimes
through so-called time domain or frequency domain methods (77,
78). FLIM-FRET takes advantage of the fact that fluorescence
lifetime deceases proportionally to the efficiency of FRET. FLIM-
FRET is generally regarded as the gold standard for FRET analysis
(due to its relative freedom from artifacts, such as those associated
with spectral cross-talk and donor/acceptor concentration), as
well as its high temporal and spatial resolution. However, this
method also requires the most sophisticated (and expensive)
equipment, along with the highest degree of expertise.
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Nextto FLIM-FRET, the “donorde-quenching” (or “acceptor
photo-bleach”) method provides the best accuracy/freedom
from artifacts and is compatible with most imaging technologies
and experimental designs (i.e., with respect to types of biomole-
cules and probes that can be used as donor and acceptor) (77, 78).
This method basically measures donor fluorescence before and
after photo-bleaching of the acceptor (which effectively destroys
the acceptor, thereby removing its quenching effect). The relative
increase in the fluorescence in the “de-quenched” donor is pro-
portional to FRET efficiency. The obvious downside to this meth-
odology is that it is an endpoint measurement and, thus, is
incompatible with dynamic monitoring within the same sample.

When used with appropriate spectral cross-talk correction,
ratiometric FRET offers an easy option for dynamic measure-
ments. However, this method is only appropriate in settings of
specific “biosensors” engineered to contain donor and acceptor
(typically Cyan FP (CFP) and Yellow FP (YEP)) in the same mol-
ecule. This ensures that the molar ratio of donor and acceptor in
cells and any local volume is constant.

Finally, a variation of FRET termed BRET (Bioluminescence
Resonance Energy Transfer) has been developed (79). This tech-
nique uses a bioluminescent luciferase to produce initial photon
emission, serving effectively as a donor, compatible with green
and yellow acceptors. The advantage of BRET is that no excita-
tion light is required, thereby avoiding photo-bleaching and
photo-toxicity. However, BRET is also constrained by kinetics of
the luciferase enzymatic activity.

FRET studies of integrin conformation: cytoplamic domain sepa-
ration: As discussed in Subheading 1.2, early EM and crystal
structures suggested the hypothesis that integrin regulation
involved large-scale (on the order of ~3-10 nm) conformational
rearrangement that would specifically involve separation of the o
and [ subunits legs and extension of the head domain away from
the plasma membrane (Fig. 1a). One of the first studies to test the
validity of this hypothesis in intact cells used a FRET-based
approach in which the C-termini of the o and B subunits were
differentially fused to CFP and YFP to serve as FRET donor and
acceptor, respectively (Fig. 3a). Using a photo-bleach FRET
approach, it was demonstrated in live cells that, in fact, in the rest-
ing state the cytoplasmic domains of LFA-1 were close to each
other and that they underwent significant spatial separation upon
either activation or ligand binding (13). A similar FRET approach
was subsequently employed in conjunction with mutagenesis in
to demonstrate that the LFA-1 transmembrane domains play an
important role in this conformational regulation (80). Additional
studies using the cytoplasmic FRET approach with the integrin
Macl demonstrate that constitutive heterodimerization of oM
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and B2 subunits is detectable in plasma membrane, peri-nuclear
area, and Golgi in living cells (81) and that interaction of Macl in
the extracellular domain with uPAR (glycosylphosphatidylinositol-
linked urokinase-type plasminogen activator receptor) promotes
conversion into the open conformation (82). Finally, the cyto-
plasmic FRET approach was applied to demonstrate specific zones
in the leading edge where activation of the integrin VLA-4 is
concentrated during lateral migration (65).

FRET studies of inteqrin conformation: head extension: As discussed
above, in addition to leg separation, integrins were hypothesized
to have a strongly bent extracellular domain on the cell surface in
the resting state that undergoes large-scale extension during acti-
vation (Fig. la). To test this aspect of the conformational model,
again FRET was applied (52). Here a fluorescein-conjugated
peptide ligand that specifically binds to the VLA-4 (in the ligand-
binding head domain) served as the FRET donor and a lipophilic
dye, octadecyl rhodamine B, was incorporated into the plasma
membrane to serve as a FRET acceptor (Fig. 3b) (52). These
studies confirmed in intact cells that the head domain in resting cells
lies close to the plasma membrane but is rapidly extended away
from it upon activation (52) (83). A similar assay was developed
for LFA-1 using a fluorescent derivative of the small molecule
head domain-binding agonist BIRT-377 (53). Recent studies have
applied Alexa488- and Cy3-conjugated fAb fragments (specific
for the B subunit “I-like” domain and o subunit “calf” domain)
to create more refined characterization of the conformational
changes within the extracellular domain during activation of the
platelet integrin allbB3 (84).

FRET studies of integrin microclustering: To assess integrin micro-
clustering variations on the cytoplasmic domain assays discussed
above have been developed (17, 18, 79, 85). In such systems,
rather than attaching donor and acceptor differentially to a and b
subunits, donor and acceptor are placed either both on the o or
both on the B subunit (Fig. 3c). Thus, individual integrin het-
erodimers will possess a single donor or acceptor and FRET will
only occur when two of these come into close proximity. Such
systems have been instrumental in determining mechanisms that
microclustering. For example, the role of ligand in driving micro-
clustering was demonstrated by the finding that PMA, cytochala-
sin-D and latrunculin, at concentrations that activate adhesion
and diffusivity (20) do not promote BRET-detectable microclus-
tering of allbB3 (79) or FRET-detectable microclustering of
LFA-1 (85), whereas addition of soluble multivalent ligands read-
ily induces microclustering of these integrins. Additional studies
suggest that the P2 transmembrane domains (and particularly
residue Thr-686) play important roles in driving homomeric
associations for integrins Macl (17) and LFA-1 (18).
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In addition, a unique FRET-based assay to monitor integrin
microclustering was developed in which extracellular YFP and
dsRed (FRET donor and acceptor, respectively) each fused to
integrin transmembrane/cytopasmic domains were co-expressed
with full-length integrin heterodimers (86). In this system, FRET
increased during adhesion to ligand. Since the FRET reporters
lack ligand-binding capability, these results support the idea that
ligand-driven microclustering may be propagated, at least in part,
through indirect mechanisms that are downstream of the actual
ligand-binding event (e.g., conformational changes in heterodi-
mers or outside-in signaling) (86).

FRET studies of integrin heterotypic protein binding: It is clear that
interactions between integrin cytoplasmic domains and both the
cytoskeleton and various signaling molecules are altered dynami-
cally as part of both inside-out and outside-in signaling. Integrins
also mediated lateral associations with other membrane proteins
that may modulate function. In order to study the temporal and
spatial dynamics of these interactions, FRET-based assays have
been designed in which FP FRET donors and acceptors are dif-
ferentially incorporated into the cytoplasmic domain of one of the
integrin subunits and a target molecule (Fig. 3d). In this way,
through use of'a FLIM-FRET assay, it was shown that formation
of an integrin-o4/14-3-3z/paxillin protein ternary complex
mediates localized Cdc42 activity and accelerates cell migration
(87). Similarly, FRET studies have been developed to measure
B1-integrin lateral association with ErbB2 kinase (88) and cyto-
plasmic association with PKCa (89). Moreover, FLIM-FRET has
been developed to quantify integrin receptor agonism using 1
integrin-GFP and effector-mRFP interactions as a readout (90).
Thus, association of talin with Bl integrin and paxillin with o4
integrin was demonstrated to be dependent on both the ligand
and receptor activation state, and sensitive to inhibition with small
molecule RGD and LDV mimetics, respectively (90).

FRET studies of integrin signaling: FRET assays have also proven
useful in understanding protein complexes and signaling events
downstream of integrins using diverse experimental designs and
biosensors (77). For example, biosensors that report activity of
Rho family GTPases involved in integrin signaling (e.g., Rho,
Rac, Cdc42, and Rap) have been used to understand localized
signaling during integrin-dependent adhesion and migration
(77). Additionally, FRET has been used to characterize signaling
through integrin cytoplasmic domain-associated protein-1
(ICAP-1). ICAP-1 binds to both B1 integrin and the ROCK
kinase (an effector of the RhoA GTPase) through separate
domains (91). FRET between CFP-ICAP-1 and YFP-ROCK
demonstrated that ICAP-1 could serve as a scaffold to drive indi-
rect ROCK- B1 integrin interactions (within specific leading and
trailing edge regions) that are important for properly orchestrated



2.3.2. Fluorescence

Recovery After

Photo-Bleaching

o

Fluorescence

Intensity

Photo-Bleach Recovery

BODOD

Photo-Bleach Recovery

12 Overview: Imaging in the Study of Integrins 181

cell migration (91). Finally, the importance of temporal and spatial
negative regulation of oIIbB3 signaling for proper cell spreading
was elucidated in part through FRET assays that report interac-
tions between Src-YFP and CFP-Csk (positive and negative regu-
lators, respectively, of signaling) (92).

FRAP, and the related method FLIP (Fluorescence Loss in Photo-
bleaching), are modes of measuring en mass ditfusiveness of pro-
teins within cells of within membranes of cells (Fig. 4). In FRAP,
the movement of fluorescent species into a region acutely sub-
jected to photo-bleaching (Fig. 4a) is monitored. In FLIP, a region
is continuously subjected to photo-bleaching, while the depletion
of fluorescence in a region outside the bleaching zone is moni-
tored. A recent variation on these approaches involves the use of
photo-activatable or photo-switchable FPs, which can be locally
activated /switched within a limited zone in order to asses subse-
quent movement out of that zone. The two most important
parameters that can be extracted from these methods are diftusion
coeflicients (rate at which fluorescent species move into or out of
the monitored zone) and the mobile fraction (the percentage of
fluorescent species that undergoes detectable movement) (Fig. 4b).

Mobile
Fraction

Diffusion
Coefficient

Time

Fig. 4. Fluorescence Recovery After Photo-Bleaching (FRAP). FRAP is one of the most broadly used techniques to monitor
molecular mobility of biomolecules, including integrin, in intact live-cell settings. (a) Basic FRAP approach. Green panels
represent a cellular region containing fluorescent molecules (e.g., plasma membrane-bound integrin-GFP). The first
panel on the left depicts baseline intensity. The next panel depicts the discrete photo-bleaching of a sub-region (most
typically by an intense burst of laser excitation light). Subsequent panels show time-dependent recovery of fluorescence
intensity within the bleached region. (b) FRAP analysis. The plot depicts a typical intensity profile during a FRAP experiment.
The recovery curve provides a basis for calculating overall diffusion coefficients. The saturation point of the recovery curve
provides an estimate for the overall fraction of the fluorescent molecules that exhibit detectable diffusion. When applied
to integrins, inverse population, the immobile fraction, often represents to the proportion tethered to the cytoskeleton.
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2.3.3. Fluorescence
Speckle Imaging

2.3.4. Chromophore-
Assisted Light Inactivation

For integrins, diffusion rates /immobilization are critical determinant
of their adhesive functions (5, 7, 19-23, 32, 35-38, 68). FRAD-
based approaches have been widely employed to integrins in order
to demonstrate the roles of inside-out signals, cytoskeletal tether-
ing and integrin conformation in altering diffusivity and how this
is related to adhesive dynamics (38, 85, 93).

Among the methods to study molecular dynamics in cells FRAP-
based studies (which measures whole population of molecules en
mass) and single molecule fluorescence /SPT could be viewed as
representing extremes. A novel methodology termed fluorescence
speckle microscopy (FSM) might be viewed as representing an
intermediate approach that offers unique advantages that are par-
ticularly useful in cytoskeletal and adhesion biology (60, 94). At
high concentration, fluorescent tags illuminate cytoskeletal poly-
mers uniformly. However, at low concentration (when percentage
of tagged to endogenous molecules is <1%), random incorpora-
tion of tags produces a discontinuous pattern, which can then be
used to determine whether the polymer is translocating or station-
ary. In practice, FSM conditions are achieved either by injecting
very low concentrations of fluorescently tagged proteins or, for
GFP-coupled proteins, adjusting conditions so that only small
amounts of the labeled protein are expressed. Detection of speckles
requires a sensitive microscopy system (which under optimal con-
ditions can detect single fluorophores) and sophisticated correla-
tion algorithms.

Some of the first studies to use FSM focused on the coupling
of focal-adhesion proteins to actin filaments (95). These studies
revealed classes of focal-adhesion structural and regulatory mol-
ecules that correlated with motions actin filaments to varying
degrees (95). From these studies it was inferred that interactions
between vinculin, talin, and actin filaments constitute a sort of
“molecular clutch” between the cytoskeleton and integrins, which
is regulated during cell migration (95).

CALlL s a relatively novel fluorescence method that takes advantage
of the oxidative processes associated with fluorescence, i.e., photo-
toxicity (96). Irradiation of fluorescent molecules, such as GFP,
effectively causes photo-synthesis of ROS, which can damage
nearby proteins, and especially the target molecule to which the FP
may be fused. Thus, by fusion a target molecule of interest with an
FP and then irradiating it with intense laser excitation one can
selectively destroy the target in intact cells. Though initial studies
have been conducted with GFP (see below), several newly identified /
engineered FPs; such as Killer Red, show strongly enhanced (up to
1,000-fold over GFP) photo-synthesis of ROS suggesting even
greater potential for future CALI applications (96).
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Some of the first CALI studies were centered on understanding
of focal adhesions (97). Here Swiss 313 cells expressing EGFP-
alpha-actinin (but not those expressing EGFP-FAK) exhibited
detachment of stress fibers from focal adhesions upon focused
laser irradiation. CALI experiments also demonstrated a reduction
of EGFP-o-actinin binding to the cytoplasmic domain of the B1
integrin subunit, but not to actin. Thus, CALI was able to provide
unique demonstration that o-actinin is essential for the binding
of microfilaments to integrins in focal adhesions (97).

An inherent aspect of integrin function is the ability to resist and
transduce forces, as well as its ability to serve as “mechano-sensors”
that transduce mechanical force information into biochemical
signals (“mechano-transduction”). These features are increasing
appreciated as central aspects of integrin regulation (98-101).
Methods to assess responses to integrin-mediated mechano-
transduction have largely been through whole sample biochemical
(e.g., kinase and Rho-family GTPase activation assays) or gene
expression analysis (98-101). However, since the very essence of
mechano-transduction is the sensing of spatially and temporally
discrete force application events, such whole sample methods are
clearly missing critical information. Imaging modalities to better
understand the spatial /temporal orchestration integrin mechano-
transduction responses are only beginning to be developed and
involves varied approaches (94, 98-101).

One intuitive approach to imaging integrin mechano-
transduction is to simply monitor morphologic, protein distribu-
tion and signaling responses to application of a mechanical
stimulus. In addition to various integrin/intergin-associated
localization probes (discussed above), a wide range of FRET-
based probes have been generated (that involve integrins (see
above), vinculin, Myosinn II, N-WASP, many Rho-family GTPases
and kinases) that have utility in the study of mechano-transduction
(102). For example, a FRET biosensor for Src kinase activity was
used in conjunction with locally applied pulling forces on integrins,
via laser-tweezer traction or “magnetic twisting” of fibronectin-
coated beads adhering to cell surfaces (103-105). These studies
revealed the transmission of mechanically induced Src activation
in a dynamic and directed process that relies on the cytoskeleton
(103-105). In another study, cellular reorganization of focal
adhesions and cytoskeleton was monitored in parallel with FRET-
based RhoA, Racl, and Cdc42 activity biosensors. These studies
showed that application of cyclic stretching forces drives dra-
matic reorganization of focal adhesions and the actin cytoskeleton
that correlated with strong increase in RhoA, but not Racl or
Cdc42 (106).

Other approaches seek to visualize the genesis of traction
forces. For example, Spatio-temporal image correlation spectroscopy
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(STICS), uses correlation algorithms asses directed movement of
fluorescently tagged proteins and generate high-resolution veloc-
ity maps of adhesion components during force generation. Maps
for actin, o-actinin, o5-integrin, talin, paxillin, vinculin, and focal
adhesion kinase revealed significant differences in the efficiency of
the linkage between integrin and actin among different cell types
and on the same cell type grown on different substrate densities
during formation of adhesions and traction forces (107).
Additionally, studies have developed correlative motion-sensing
approaches to directly visualized force generation. High resolu-
tion traction force microscopy is one such method that uses fluo-
rescent nano-beads introduced into deformable polyacrylamide
gels (used as a cell adhesion substrate) which serve as markers for
substrate deformation, the motion of which can be computation-
ally transformed into force vector maps (108). Studies using com-
bined traction force and fluorescent speckle microscopy,
demonstrated that F-actin speed is a fundamental and biphasic
regulator of traction force at focal adhesions during cell migra-
tion. That is, F-actin speed was inversely related to traction stress
near the cell edge, where focal adhesions are formed and F-actin
motion is rapid. In contrast, larger focal adhesion (where the
F-actin speed is low) were marked by a direct relationship between
F-actin speed and traction stress (109).

3. Summary
and Perspective

Integrins are extremely dynamic adhesion/signaling receptors
with diverse modes of regulation. Because integrin behavior is
inherently coupled to temporally and spatially discrete organiza-
tion patterns, imaging approaches capable of providing dynamic
subcellular spatial resolution are absolutely essential to elucidat-
ing integrin function. Traditional and emerging imaging tech-
nologies/modalities have been employed diversely in an effort to
address the many distinct aspects of integrin function. In this way,
major components of integrin conformational regulation, micro-
clustering, protein—protein interactions and cellular distribution
dynamics have been elucidated in intact cell systems. Moving for-
ward, continued development of multidimensional approaches
(e.g., that coordinately report cell migration behavior, integrin
localization, integrin conformation, and signaling processes) rep-
resents a feasible (and perhaps the only) way to understand how
integrin functions are orchestrated in cells. In addition, contin-
ued application of existing, and development of novel, modalities
to image mechano-transduction is now recognized as a particu-
larly important goal in integrin adhesion biology. The rapid
advances in imaging technologies and computational power/
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approaches, along with the growing collection of fluorescent
probes and biosensors, suggest, at least over the short term, that
available imaging modalities for studying integrins will only be
limited by the creativity of the investigator.
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