Visual Discrimination of Membrane Domains
in Live Cells by Widefield Microscopy
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Abstract Membrane dynamics is a fast-evolving field with the many new methods
and probes being developed each year affording ever increased insights into how
membranes behave in the laboratory. Typically, these developments are first tested
in model membranes using high-cost, bespoke microscopes which often employ
confocal and two-photon systems and which give little consideration to preser-
vation of cellular integrity and homeostasis during experiments. This chapter
addresses the clear need to rapidly apply and deploy this work into mainstream
biological laboratories by development of economical, four-dimensional imaging
on user-friendly low-cost systems using widefield optics and simultaneous capture
of multiple fluorescent markers. Such systems are enabling biologists to consider
the coordinated processes triggered from signalling platforms during cellular inter-
action with the environment. In this chapter, we describe the progress made to
date and in particular we focus on the Laurdan family of fluorescent probes, which
are being used to image whole cells and tissues using widefield epifluorescence
microscopy and which can be usefully combined with simultaneous capture at
longer wavelengths (yellow through far red) for imaging of cell morphology or
for following expressed markers such as fluorescent adaptor proteins.
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1 Introduction

1.1 Plasma Membrane Composition

The plasma membrane is a dynamic interface between the internal cytoplasm and
the extracellular milieu. As a lipid bilayer, it comprises a heterogeneous mix of lipid
species including sterols, glycolipids and phospholipids. Phospholipids are defined
by their hydrophilic “head” groups and by their hydrophobic “tails”” which can vary
in length and are generally either saturated or unsaturated fatty acids. Saturated
fatty acid chains form long straight chains which pack closely excluding water (and
some detergents) thereby reducing membrane hydration and fluidity. Conversely,
unsaturated fatty acids contain double bonds which introduce kinks disrupting
packing, increasing hydration and reducing membrane viscosity. There is believed
to be a thermodynamically driven propensity for saturated fatty acids to coalesce to
the exclusion of unsaturated fatty acids, giving rise to lateral organisation and
regions or subcompartments of different biochemical composition with different
biophysical characteristics [1].

Subcompartmentalisation of the plasma membrane has profound implications
for cellular interaction with the environment, particularly with regard to cell
signalling and cellular trafficking. Discrete regions within the plasma membrane,
rich in saturated fatty acids and sterols which resist detergent treatment, are
commonly referred to as lipid rafts, a term coined to graphically describe them in
the context of, and as exceptions to, the fluid mosaic model [2]. GPI-linked (outer
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leaflet) and acylated (inner leaflet) proteins, as well as sphingolipids, glycosphin-
golipids (including gangliosides) and sterols (typically cholesterol and/or ergos-
terol), are found to accumulate in these regions, which are usually <100 nm in size
giving rise to the alternative name, microdomain. Surprisingly, transmembrane
proteins including G-protein-coupled receptors (GPCRs) and ion channels are
also associated in lipid rafts, typically this association is generally dependent on
multiple acylations (typically palmitoylation)[3].

1.2 The Lipid Raft Debate

Two types of lipid rafts are widely described: detergent-resistant microdomains
(DRMs) and caveolae. DRMs have been conceptualised as planar regions of
the membrane, whereas caveolae are invaginations which require caveolin-1 to
form [4]. Lipid rafts are also described as membrane attachment sites for cholera
toxin which binds to ganglioside Gy, located in these regions allowing them to
easily be localised [5].

There is however some debate over the very existence of lipid rafts, partly due to
the large range in sizes reported for these regions, 10-200 nm, and their potentially
transient nature [6]. The reported size variation may reflect the methods of analysis
employed, particularly where cross-linkage of these domains as preparation for
their observation may result in their translocation and fusion to form larger more
stable structures [7]. Fixation of the plasma membrane generally alters its structure
and integrity, thus creating a dilemma for the effective visualisation of microdomains.
The detergent method of extraction is also problematic, as it leads to the production
of large sheets of membrane, contamination and loss of components; however, it is
still considered a useful tool, and a large number of lipid raft components were first
isolated using this method [8].

The timescale of existence for lipid rafts is also still under discussion.
Visualisation by FRET between acylated proteins and caveolin has suggested that
they can be relatively stable structures [9], but others have described them as
transient and only detectable in response to a stimulus [8]. Despite this controversy,
a considerable number of studies have been published on the subject of lipid rafts.
To date, it is widely accepted that eukaryotic plasma membranes are not simple
liquids but two-dimensional nonideal liquids containing dynamic structures [7].

1.3 Membrane Domains and Membrane Polarisation: Cilia
and Synapses, Infection and Immunity

Sterols and sphingolipids are almost exclusively associated with eukaryotic cells,
and the peculiar association between sterols and sphingolipids in eukaryotes
potentiates lateral segregation, subcompartmentalisation and sorting within contig-
uous membranes, upon which membrane trafficking and plasma membrane
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polarisation are contingent [10]. More than 200 proteins have been associated with
lipid rafts [11]; in some instances, cell surface receptors are permanently localised
in these regions, with other receptors believed to relocate into lipid rafts after ligand
binding [12, 13]. Although small, lipid rafts are thought to be able to fuse together
upon binding of certain membrane receptors to create large signalling platforms and
are therefore considered to be dynamic as well as transient [2]. Lipid rafts can also
be stabilised by galectin lattices, structures formed by endogenous lectins which
bind branches of the N-glycan domain on glycoproteins. These lattices likely
increase the capacity for concerted actions such as signalling by concentrating
receptors and signalling intermediates and also contribute to the regulation of the
lifetime of lipid rafts [14]. Lipid rafts as signalling platforms have been described in
GPCR signalling where such receptors are thought to cluster together within
caveolae (described below) or to translocate upon activation to lipid rafts as
summarised by [12].

Subcompartmentalisation of the plasma membrane in polarised cells into con-
tiguous but discrete membrane domains with distinct biochemical compositions
and which are large enough to be readily visualised is well documented. Even at a
steady state, the apical and basolateral membranes of epithelial cells are known to
have different constitutions reflecting membrane trafficking, which is believed to be
dependent on lipid rafts. Similarly in ciliated cells, the ciliary membranes have a
distinct biochemical composition from the somatic regions of the plasmalemma,
and this may reflect not only trafficking but sorting at the ciliary junction and the
propensity of lipid rafts to accumulate in membrane protrusions [15, 16]. For
budding yeast, lipid rafts are fundamentally associated with apical sorting for
polarised growth and cell-cell interaction during mating [17]. In other cell-cell
and cell-pathogen interactions, the plasma membranes also become effectively
polarised at the contact site or synapse, and a discrete functional domain is formed
in response to contact with other cells or during contact with a pathogen be it viral
(e.g. dengue and HIV) [18, 19], bacterial (e.g. Shigella and Campylobacter) [20] or
parasitic (e.g. malaria and Trypanosoma cruzi) [21, 22]. Common to all of these
interactions is the ligation of raft-associated surface receptors which are commonly
glycoproteins or glycolipids and the requirement for this interaction to generate
signalling in order to effect cellular function — supporting the prevailing view of a
key role for lipid raft formation in environmental sensing by formation of signalling
platforms [2]. With this in mind, increasing the accessibility of membrane imaging
will help drive forward the field of pathogen-cell interaction.

2 Lipid Domain-Binding Probes
2.1 Cholera Toxin

A variety of molecular markers have been produced for the visualisation and
functional analysis of lipid rafts. Cholera toxin B (CtxB) from Vibrio cholerae is
known to bind the ganglioside Gy;; which generally localises to microdomains.
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Fluorescent fusions of CtxB can therefore be used to image the interaction between
CtxB and Gy, specifically [23], for example, Gy localisation and patching have
been used to identify pathways for MHC endocytosis [24]. Although this associa-
tion is a widely used method for identifying lipid rafts, there are some limitations;
Gy is also sometimes found outside of the lipid raft fraction, and the binding of
CtxB and Gy;; may also result in the clustering of sphingolipids [25, 26]. CtxB is
capable of simultaneously binding five separate Gy;; molecules which may be
located in five different lipid rafts, consequently dynamic domains will be
stabilised, and there is some evidence to suggest that CtxB can cross-link other
molecules such as glycoproteins resulting in a loss of specificity of the detection.
CtxB can also be conjugated to quantum dots for live cell imaging as well as
observing the progression between generations [27]. Quantum dots are semicon-
ductor nanocrystals which can be used for a wide range of applications but usually
in conjunction with confocal microscopy [28].

2.2 Fluorescent Sphingolipids and Sphingolipid-Binding Proteins

Sphingolipids are another component of lipid rafts, and the fluorescent sphingolipid-
binding domain (SPD) appears to interact with cholesterol, sphingomyelin and
glycosphingolipids enabling live cell imaging of the endocytic pathways of these
lipid raft components [29, 30]. SPD is derived from amyloid B-peptide and interacts
with the glycophospholipid head groups. Sphingomyelins (a species of sphingolipid)
are around 50 % more prevalent in lipid rafts than in the rest of the membrane [31]
making them an ideal target for fluorescent probes. Lysenin, a toxin which has an
affinity for sphingomyelin-rich domains [32], has shown a plasma membrane distri-
bution separate from that of Gyy; microdomains [33] suggesting that there may be a
separate genre of sphingomyelin-associated lipid rafts. Sphingomyelin synthase,
which catalyses its synthesis from ceramide and phosphotidylcholine, is thought to
regulate clustering of the product [34] and so may play a role in one or other genre
formation. Lysenin is more specific than other probes in that it only recognises
sphingomyelin and no other sphingolipids; thus, potentially lysenin may be a candi-
date to specifically study lipid rafts [35]. The main problem with lysenin as an
imaging tool is that it is cytotoxic in most cells, and thus, it was necessary to develop
a truncated form without the cytotoxic N terminus [36] before it could be used
reliably.

2.3 Fluorescently Labelled Cholesterol

Cholesterol appears 50 % more concentrated in lipid rafts than in the plasma
membrane [31] and therefore may be used as a microdomain marker. Polyene
antibiotics such as filipin bind free cholesterol at a 1:1 stoichiometry at the cell
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surface, resulting in emission of light in the ultraviolet range of the spectrum [37],
and thus could be used as a fluorescent cholesterol marker. Filipin can also diffuse
across the membrane and incorporate into the inner leaflet providing additional
structural information as well as details about the Golgi membrane [38]. Despite its
widespread usage as a lipid raft marker, filipin does not necessarily discriminate
between lipid rafts, and the cholesterol at the rest of the cell surface and accumula-
tion of filipin over time has proven cytotoxic; thus, alternative cholesterol probes
have been developed.

Perfingolysin O is another cholesterol-binding cytolysin which can bind large
cholesterol structures and therefore detect cholesterol-enriched domains. A perfrin-
golysin O domain D4 fusion protein has also been shown to bind cholesterol specifi-
cally localised in lipid rafts [39] and has revealed the presence of lipid rafts on the
inner leaflet of the plasma membrane [40].

Dehydroergosterol (DHE) is a naturally occurring cholesterol analogue which
differs from cholesterol only in possessing two double bonds and an extra methyl
group and is able to incorporate into the cell membrane at a concentration of up to
85% before any cytotoxic effects are observed [41]. Absorption and emission
spectra are in the UV region but can be imaged with epifluorescence after some
minor modifications [42]. DHE can also be used to visualise the sterol distribution
in living cells although this method does not exhibit a particular affinity for Gy,
discernable microdomains [43] and may not behave functionally as cholesterol.

Polyethylene glycol-derived cholesterol ether (PEG-Chol) has a high affinity for
cholesterol-rich domains, and addition of a fluorescent ester (e.g. fluorescein) has
led to the production of a lipid raft-specific probe (fPEG-chol). Its lack of cytotoxity
meant that it was initially used to help disperse otherwise insoluble antibiotics [44].
Its size prevents movement to the inner leaflet of the membrane, but it is still a
useful tool to monitor reorganisation of lipid rafts at the cell surface [45], exhibiting
a similar distribution to that of filipin and being internalised along with lipid raft
components [46].

The enrichment of sphingolipids in lipid raft regions also provides the opportunity
for labelling sphingolipids and their analogues with BODIPY (boron dipyrromethane
[(4,4-difluoro-4,7-dimethyl-4-bora-3a,4a,diaza-s-indacene)]) to investigate structure
and function. BODIPY-labelled sphingolipids have interesting spectral properties
and show a shift in emission spectra from green to red at increased molar densities
[47]. Both BODIPY-Cer in vitro and BODIPY-LacCer in live cells can therefore be
used to differentiate specific regions of the cell membrane by wavelength. Further-
more, BODIPY can be conjugated to cholesterol in a manner that does not inhibit
normal cholesterol function and allows its partitioning into regions of high lipid
order [48] and also to sphingomyelin, where it has been observed incorporating into
lipid rafts in an endogenous sphingomyelin-dependent manner [49]. A derivative,
BODIPY-p-erythro-LacCer, has also shown that sphingolipids can be induced to
redistribute into specific microdomains on the plasma membrane in response to CtxB.

Sphingolipid positioning within the plasma membrane is controlled by
palmitoylation, a process affecting membrane microlocalisation that is regulated
during sphingolipid biosynthesis by a family of aspartate-histidine-histidine-cysteine
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palymitoyl transferases (DHHCs). Labelling DHHC’s allows the monitoring of their
positions in the cell membrane in response to different stimuli, and the live imaging of
DHHC recycling to and from the plasma membrane has been recently described [50].

3 Adaptor Proteins

3.1 Caveolin

A number of adaptor proteins are found to cluster in lipid-rich microdomains, and
fluorescent fusion proteins have become widespread in live cell imaging for
caveolin and flotillin. Caveolae, which have been mentioned previously, are distinct
cell surface membrane invaginations associated with endocytosis (reviewed by
[51]). These structures are rich in cholesterol, and indeed, the presence of choles-
terol is required for efficient formation of these structures, leading to them being
proposed as a form of lipid raft. Each caveola contains clusters of GPI-linked
proteins and acylated proteins packed to a density of some 30,000 molecules per
square micrometre [52].

As well as cholesterol, the formation of caveolae also requires the presence of a
scaffolding protein called caveolin which coats the cytoplasmic surface of the
invagination [53]. There are three subtypes of caveolin with caveolin-1 and
caveolin-2 the most abundant, being present in a wide range of cell types especially
epithelial lines [54], whereas caveolin-3 is confined to muscle cells [55]. All three
subtypes appear to exhibit similar functions in cell signalling, lipid raft formation,
trafficking and possibly heterotrimeric G-protein signalling [56] although of these,
caveolin-2 has proven non-essential for caveolae formation.

Fusion proteins for all three isomers of caveolin have been used to elucidate the
structure of caveolae and their function as well as the mechanism of caveolin
transport to and from the plasma membrane [57]. In fact, the use of fusion proteins
has been integral to all the major steps forward in caveolin protein-protein under-
standing, suggesting such roles as a negative-signalling molecule, the base of a
signalling platform and antigen presentation.

3.2 Flotillin

Another protein which is thought to be lipid raft associated is flotillin-1 (flotl)
which is sometimes referred to as reggie-2. This protein is important in an endocytic
pathway separate to that of the caveolae [58]. Flotillin-based structures are
uncoated invaginations in the cell surface membrane that are dependent on the
coassembly of flotl and 2 to promote membrane curvature [59]. Internalisation in
this pathway is regulated by the src family kinase, fyn [60], which is considered to
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be involved in endocytosis of GPI-linked signalling molecules [61]. Again, its
fluorescent fusion proteins have been integral in the above microscopy studies,
also showing both caveolin and flotillin to be found only in specific subsets of cells
and in their own types of membrane microdomains.

3.3 GPI-Linked Proteins

An alternative approach may be to use fluorescent protein-coupled GPI-adaptor
proteins (GPI-APs) which would insert directly into the lipid raft, which, as previ-
ously stated, are rich in GPI-anchored proteins. However, the size of these molecules
may cause perturbation within such a small system, and expression of these fluores-
cent proteins may also lead to their fluorescence in their biosynthetic pathway.

4 Environment Sensitive Probes

4.1 Laurdan

The fluorescent probe Laurdan (6-dodecanyl-2-dimethylaminonaphthalene) has
been used to study the lateral organisation of membrane domains since it was first
synthesised in 1979 [62], due to its ability to incorporate into the membrane with an
even distribution, without detectably altering the physiology of the cell and without
being altered by cell surface interactions such as the binding of lipoproteins. The
Laurdan dipole aligns with the phospholipid bilayer between the lipid head groups
and the first carbon atom of the acyl chains, and its emission spectra changes
depending upon the fluid state of the surrounding lipid chains [63]. In a more
fluid membrane domain, Laurdan fluoresces with greater intensity at green
wavelengths, with a maximum centred around 490 nm. This shifts to 440 nm and
a blue fluorescence, in more ordered membrane regions. A method for the
ratiometric analysis of Laurdan fluorescence, the generalised polarisation (GP),
was developed to help identify the fluid order of Laurdan-stained membranes [64,
65], giving a range for GP values between —1.0 and +1.0; the more positive the GP
value, the more ordered the membrane.

Laurdan has been extensively used for studying membrane dynamics, with over
300 reports in the literature. However, the vast majority of these use either fluores-
cence spectrophotometry [66, 67], evaluating the GP of entire preparations, or two-
photon [68] and confocal microscopy [69]. Recently, confocal microscopy has also
been used to explore the liquid order of a zebra fish embryo initiating the develop-
ment of novel whole organism techniques [70]. Alternatively, many studies have
utilised artificially synthesised unilammelar vesicles or membrane extracts from
biological systems. It is only in the last few years that reports have been published
using Laurdan fluorescence with epifluorescence microscopy on live cells [71, 72].
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The reasons for using microscopy rather than spectrophotometry have been
described previously [73]. Two-photon microscopy is able to minimise the rapid
photobleaching that Laurdan is susceptible to, particularly under widefield fluores-
cence microscopy; however, the cost of the system may render it inaccessible.
Ultimately, the bleaching effect of Laurdan under widefield microscopy can be
overcome [71, 74]. Taken together, such studies demonstrate clearly that the GP is
higher for surface membranes compared to intracellular membranes and demon-
strate the utility of their systems through seeing the expected shift of emission
spectra and GP values in increasingly fluid membranes.

The key to using Laurdan-stained live cells under widefield conditions is to be
able to utilise other markers and fluorescent proteins. This affords the ability to
identify interactions and monitor responses and to co-localise membrane markers
with membrane phases and gauge the cellular response whilst monitoring the extent
of membrane disruption in cases such as cholesterol depletion. Widefield Laurdan
microscopy has been used to demonstrate that temperature can directly affect
membrane fluidity but that living cells (in this case the ciliated protozoan Parame-
cium) can respond to changing environmental conditions by rapid adaption —
restoring fluidity to a cooled membrane [75]. Further, Sitrin and colleagues have
reported the utility of Laurdan using widefield microscopy, with a time-lapse assay
of neutrophil migration [76]. Their widefield setup used an emission splitter to
isolate the emission spectra of Laurdan for GP analysis. They showed over a 10-min
time course with 10-s intervals that the migration tip of the neutrophils, the uropod,
had consistently higher GP values compared to the rest of the cell but that this was a
dynamic system, with high-GP regions within the uropod-shifting position even
between the 10-s time points. They also showed that application of the cholesterol
depletory MBCD, which therefore lowers GP, marginally slowed the speed of the
neutrophil migration but also reduced its ability to migrate towards chemotactic
signals. These studies demonstrate utility of widefield Laurdan microscopy in
assessing membrane dynamics in live cells distinct and from spectrophotometry
or the two-photon system; photobleaching can be minimised because epifluorescent
sources can be of low intensity compared with confocal and exposure times can be
low when combined with a high-sensitivity CCD. Whilst the latter study reported
that receptors known to be involved in cell movement pathways localised to higher
GP regions, they were unable to co-localise structures using fluorescent markers or
to observe the cell directly using condenser-based techniques such as phase-
contrast or DIC microscopy. Weber and colleagues combined widefield Laurdan
microscopy with fluorescence anisotropic microscopy and total internal reflection
(TIR) microscopy using a flexible setup that allowed them to look at membrane
stiffness of the plasma membrane in living cells and compare it to internal
membranes whilst varying temperature and cholesterol content [74]. This flexible
setup afforded the ability to image cells at long wavelength but not to capture and
compare simultaneously and in real time.

Laurdan microscopy for live imaging of cultured cells can be set up straight-
forwardly at modest cost on an inverted fluorescent microscope using the setup
described in Fig. 1. Key to the system is the triple emission beam splitter which
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Electron Multiplied
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Fig. 1 Widefield Laurdan microscopy setup. Figure shows an experimental setup for imaging
Laurdan simultaneously with (/) Cy5 or other red/far-red fluorophore, (2) infrared DIC or other
transmitted light technique using red or infrared illumination, and (3) both (/) and (2), alternating
in time. The configuration consists of a research-grade inverted fluorescence microscope with a
high numerical aperture objective lens and an image splitter capable of separating the emission
pathway into three spectrally distinct channels using either a splitter device (e.g. Cairn Research
TripleSplit, Photometrics QuadView) or three independent cameras and appropriate beam-
splitting optics (e.g. Cairn Research TriCam). In order to ensure high stability and minimise
photobleaching, a rapidly modulated LED-based light source is preferred for both fluorescence and
transmitted light illumination (Available from Cairn Research, CoolLED, 89 North, Lumencor,
Prior Scientific). A back-illuminated electron-multiplied camera will give maximum sensitivity
allowing illumination levels to be minimised; alternatively an SCMOS camera might be preferred
to give higher resolution and a larger field of view (suitable cameras available from Andor,
Photomterics, Hamamatsu, PCO). For truly simultaneous imaging and to avoid vibration or
registration problems, the microscope dichroic must be multiband so that it can remain in the
lightpath at all times (typically a Quad Sedat 4-band dichroic). The excitation and emission filters
and dichroic mirrors need to be carefully selected to fit with this multiband device (Available from
Chroma Corporation, Semrock, Omega); suggested wavelengths and bandwidths are indicated in
the diagram. In protocol (/), the 365-nm and 627-nm LEDs on the epifluorescence port should be
triggered to be on whenever the camera is exposing. In protocol (2), the 365-nm fluorescence and
white-transmitted LED should be triggered with the camera. In protocol (3), the 365-nm LED is
triggered every frame, and the 627-nm and white LED are triggered on alternating frames. The
“red” emission channel should then be demultiplexed after acquisition
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500 nm \ 435 nm
From
\ \ Objective

Fig. 2 Widefield Laurdan microscopy. Representation of the Optosplit III block with dichroic
mirror set up for Laurdan staining. The two dichroic mirrors separate the fluorescence emission of
the Laurdan-stained cells into the blue (435 nm) and green (500 nm) wavelengths, with a third
channel showing light from the red end of the spectrum (N500 nm) (a). Calculation of the
generalised polarisation of the cell outlined in (a) showing fluorescence at the blue and green
wavelengths (b) and the GP image calculated from these. The range of values represented on the
pseudo-coloured GP image is shown as a colourimetric scale to the right of the GP image.
Filopodia are highlighted with arrows in the GP image. Scale bars = 10 pm (a) and 5 um (b)

allows for acquisition of distinct images from three different wavelengths in
parallel, in real time (Fig. 2). This allows for biological phenomena (such as
filipodia formation, shown here) and processes to be followed. Laurdan technol-
ogy can also be combined with fluorescent protein imaging to study the interac-
tion of protein-coated microparticles with the cell surface prior to internalisation
(Fig. 3). Laurdan emission is restricted to visible wavelengths in the blue/green
area of the spectrum, and thus, by imaging with fluorescent markers or a



C.E. Butler et al.

Red Green Blue

Fig. 3 Coated beads which bind to glycosylated moeities on the cell surface induce high lipid
order and recruit raft markers such as caveolin to the bound area of the plasma membrane.
Triplesplit images of a trans-sialidase-coated bead (red) and green and blue images of a
Laurdan-labelled cell (a), GP analysis (ratio) shows a region more highly ordered at the area of
bead attachment (arrow). Scale bar =4 pm. Early endosome (red) and cavl (green)
immunolabelling of MDCK cells show an accumulation of cavl at the bead (blue)-cell interface.
Images were taken with a Zeiss Axioplan2 microscope and deconvolved before reconstructing into
a 3D representation using Axiovision software (b)

transmitted light in the red/far red of the spectrum, high-resolution imaging of the
cell or fluorescent cellular markers may be utilised to identify regions of interest.
Having identified the region of interest, the GP of that area can be quantified
directly (Fig. 4). In addition, it is possible to facilitate discrimination of areas of
distinct GP by setting thresholds and masking areas outside the threshold as in the
case of a living protozoan flagellum shown here as distinct from the rest of the
plasmalemma (Fig. 5).

Another benefit to using a widefield setup may be the reduction of the
photoselection effect. This arises from the way Laurdan molecules align parallel
to the lipid chains in the membrane and that the light used for its excitation in
confocal and two-photon microscopy is polarised giving rise to the strongest
excitation in those molecules parallel to the plane of the light [73]. The irregular
shape of cells, with regions inevitably in many different orientations relative to the
plane of excitation, results in an uneven excitation of Laurdan molecules, skewing
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Fig. 4 Isolation of discrete high and low generalised polarisation regions within a RAW264.7 cell
membrane. Filopodia are highlighted (arrows). Fluorescence of Laurdan stained. RAW264.7 cell
in the blue (a) and green (c¢) wavelengths. (b) GP of the cell showing the range of the cell’s
calculated GP values. Regions of high (red box) and low (white box) membrane order are shown.
(d) GP image showing only those pixels with a GP of 0.2 or more. The regions around the filopodia
appear more ordered. GP histograms (x-axis = GP value, y-axis = number of pixels) of the high-
(e) and low- (f) order regions from (b). Scale bar = 5 um
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Fig. 5 Laurdan staining of
Trypanosoma rangeli. Far-red
illuminated brightfield

(a) and fluorescent images

(b and ¢) of a Laurdan-stained
T. rangeli using the triplesplit
widefield microscope. GP
analysis (d) shows the more
highly ordered flagellum
(arrow) when compared to
the rest of the cellular
membrane. Exclusion

of low-GP pixels

(e) demonstrates the greater
number of high-GP pixels in
the flagellum. Scale

bar = 4 pm

0.15 0.3

the GP measurements. This effect is particularly pronounced in more ordered
regions, where the Laurdan molecule is even more rigidly aligned with the mem-
brane. Although direct analysis of the magnitude of the photoselection effect and
methods for its mitigation are not yet published, it is believed that non-polarised
light sources such as those used in widefield setups reduce this artefact markedly
[71, 77].

4.2 C-Laurdan

Despite its use in these studies, Laurdan is still limited as a tool for studying
membrane dynamics in living cells due to its rapid photobleaching and hydrophobic
nature. It is not readily soluble in water, but instead a solute such as DMSO or
methanol must be used, which may itself have an effect on the target cell [15].
An improvement on Laurdan has recently been synthesised [78]: 6-dodecanoyl-
2-[N-methyl-N-(carboxymethyl)amino]naphthalene, or C-Laurdan. This has proven
to be more photostable and to have higher water stability arising from the
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substitution of one of Laurdan’s methyl groups with a carboxylic group. The
improvement of C-Laurdan over Laurdan in this regard has already been shown
in two-photon microscopy (e.g. [79] with potentially greater benefits in widefield
microscopy, allowing prolonged excitation and its application in a more neutral
vehicle buffer).

In spite of the improvement offered by C-Laurdan, GP imaging of membrane
domains remains far from optimal. The need for the highest possible resolution GP
imaging in combination with the simultaneous imaging of the whole cell and
additional markers of cellular behaviours (such as cell signalling) in order to obtain
a maximum amount of biological information remains to be addressed. It is not
clear to what extent such images can be subjected to standard deconvolution
software to increase image quality and clarity, and this is an area which should be
considered in the future. Further, the monopolisation of a broad (blue/green) area of
the spectrum required by Laurdan significantly limits the scope for the number and
types of processes and cellular behaviours that can currently be simultaneously
imaged, typically restricting investigators to simply mapping the GP image onto a
simultaneously captured image of the cell, or to follow just one or two additional
cellular markers at the (red) end of the spectrum.

4.3 Di-4-ANEPPDHQ

Di-4-ANEPPDHQ is an environmentally sensitive styryl dye that can also be used
to differentiate between liquid-ordered phases and liquid-disordered phases both
in GUV’s and polarised neutrophil membranes [80, 81]. Similar to Laurdan,
di-4-ANEPPDHQ can indicate lipid packing without being affected by inserted
peptides, [82] and both can be used in lower resolution techniques [83]. It
incorporates into the membrane in a different manner to Laurdan, aligning with
the acyl heads deeper into the membrane. Its two positive charges also confer a
lesser ability to flip between the inner and outer leaflets, but its solubility in water
does make it a more useful tool for studying live cells and thus in the future could be
adapted for use with a widefield microscope.

5 FRET/FLIM

5.1 FRET

The development of Forster resonance energy transfer (FRET) has enabled the
imaging of physical processes occurring at the cell surface in real time and to this
end is a commonly used technique. Excitation of a fluorescent molecule occurs
upon absorption of a photon leading to one of its electrons being promoted to a
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higher energy level. When this electron returns to its lower energy state, energy is
released in the form of light. FRET essentially is the nonradioactive transfer of this
energy to a nearby acceptor molecule instead of its loss by fluorescence. The extent
of FRET is dependent primarily on three factors: the spectral overlap of the donor
and acceptor fluorophores, their closeness (i.e. 1-10 nm apart for the ratio between
the donor and acceptor fluorescence levels to be measured) and their dipole-dipole
interaction. Initial utilisation of FRET was limited to purification of specific
molecules and their reintroduction, the methodology being destructive and requir-
ing microinjection. The development of green fluorescent protein (GFP) as a tool
led to a non-invasive protocol for the introduction of the tagged molecules by
transfection. Since the pioneering introduction of GFP, many other fluorescent
analogues have been extracted, and the current fluorescent proteins of choice for
FRET are YFP (yellow) and CFP (cyan), first seen in conjugation with retinoic,
steroid receptor coactivator-1 and peroxisome proliferator-activated receptor-
binding protein [84]. Although widely used, both YFP and CFP are pH sensitive
[85, 86], thus restricting their use to biological processes which do not alter cellular
pH. Recent work has seen the development of pH-stable versions of YFP, Venus
[87] and Citrine [88] which should therefore prove more exploitable in living cells.

Similar to FRET, homo-FRET relies on two fluorophores being less than 10 nm
apart for the exchange of energy; however, both fluorophores are the same, and
therefore, interaction cannot be monitored by changes in fluorescence emission.
Nevertheless, processes leading to close approach, for example, oligomerisation,
can be followed using anisotropy measurements that reflect changes in fluorophore
polarisation, both due to energy transfer and changes in molecular rotation. The use
of these tools for studying lipid rafts has been neatly reviewed by [89]. The ability
to detect the rotation of specific lipids within the membrane gives a general idea of
the level of fluidity in specific regions of the membrane and therefore the level of
lipid order. Similarly, this microscopy technique has also been used to show that
BODIPY -cholesterol arranges itself into the membrane and into specific regions of
higher order [90]. In addition to determining orientation, anisotropy can also be
used to shed light on protein clustering: by calculating the rate of homo-transfer, the
distance between fluorophores can be determined, and the number of molecules per
cluster elucidated. The size of the protein clusters in lipid rafts and the spatial
distribution has also been determined using anisotropy techniques [91]. The clus-
tering of GPI-AP’s into regions of the plasma membrane of approximately 4-5 nm
has also been described using anisotropy [92]. All of these studies, however, are
used with either confocal or two-photon microscopy, so an important question for
the field is as follows: can FRET be used with widefield microscopes? Indeed it can;
however, the resultant images can be affected by a significant amount of noise,
blurring the signal from excited fluorophores. This additional noise can now be
removed using 3D-FRET reconstruction and additional photobleaching correction
[93] thus cost-effectively improving accessibility of this technique.
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5.2 FLIM

FRET microscopy can also be combined with fluorescence lifetime imaging
microscopy (FLIM) to monitor signalling across the whole plasma membrane
[94]. There are two types of FLIM (time domain and frequency domain), but for
the purposes of this chapter, we will discuss only the frequency-domain method
which is best suited for widefield microscopy. When a fluorophore becomes
excited, the transition from the excited state to the ground state occurs over a
given average decay time that can be measured using FLIM techniques. FLIM in
recent years has been employed in the study of lipid rafts which has been reviewed
in [95]. Although the majority of these studies have been done using GUV’s and
other controlled model membrane systems to reduce the complex lipid-protein
interactions, FLIM for live cells was demonstrated by Owen and co-workers in
2006 using di-4-ANEPPDHQ and normalising their system with unilamellar
vesicles. Here, the FLIM contrast gave good resolution of regions of high lipid
order indicative of lipid rafts, especially when concentrated in membrane
protrusions [96]. To date, all FLIM work on lipid rafts has been done using confocal
or two-photon systems, but widefield FLIM systems are now commercially avail-
able, and so it may only be a matter of time before this type of imaging is applied to
the study of lipid rafts.

6 Conclusions

Membrane dynamics is a fast-evolving field with the many new methods and probes
being developed each year affording ever increased insights into how membranes
behave in the laboratory. However, the major limitations of these techniques lie
typically with the high cost of bespoke microscopes which often employ confocal
and two-photon systems and which give little consideration to preservation of
cellular integrity and homeostasis during experiments. There is a clear need to
rapidly apply and deploy this work into mainstream biological laboratories by
development of economical, 4-dimensional imaging on user-friendly systems using
widefield optics and simultaneous capture of multiple fluorescent markers. Such
systems should enable biologists to consider the coordinated processes triggered
from signalling platforms during cellular interaction with the environment.
A plethora of microscopic methods and labelling molecules have been described,
but many have some disadvantages for use in live cells or are confined in their use to
very small regions of the cell membrane. The Laurdan family of fluorescent probes,
however, can be used to image whole cells and tissues and can be combined with
longer wavelength (yellow through far red) fluorescent adaptor proteins. Although,
developed for use in confocal and two-photon systems, application to widefield-
based investigation is now established and should facilitate future investigations
seeking to relate modulation of plasma membrane dynamics to resultant change in
cellular behaviour.
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