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Characterization and Application of a New Optical Probe for Membrane
Lipid Domains

Lei Jin, Andrew C. Millard, Joseph P. Wuskell, Xuemei Dong, Dianging Wu, Heather A. Clark,
and Leslie M. Loew
Center for Cell Analysis and Modeling, University of Connecticut Health Center, Farmington, Connecticut

ABSTRACT In this article, we characterize the fluorescence of an environmentally sensitive probe for lipid membranes, di-4-
ANEPPDHQ. In large unilamellar lipid vesicles (LUVs), its emission spectrum shifts up to 30 nm to the blue with increasing
cholesterol concentration. Independently, it displays a comparable blue shift in liquid-ordered relative to liquid-disordered phases.
The cumulative effect is a 60-nm difference in emission spectra for cholesterol containing LUVs in the liquid-ordered state versus
cholesterol-free LUVs in the liquid-disordered phase. Given these optical properties, we use di-4-ANEPPDHQ to image the phase
separation in giant unilamellar vesicles with both linear and nonlinear optical microscopy. The dye shows green and red fluorescence
in liquid-ordered and -disordered domains, respectively. We propose that this reflects the relative rigidity of the molecular packing
around the dye molecules in the two phases. We also observe a sevenfold stronger second harmonic generation signal in the liquid-
disordered domains, consistent with a higher concentration of the dye resulting from preferential partitioning into the disordered
phase. The efficacy of the dye for reporting lipid domains in cell membranes is demonstrated in polarized migrating neutrophils.

INTRODUCTION

Membranes with lipids of different melting temperatures may
exhibit phase separation, forming coexisting domains. With
cholesterol in the membrane, the domains may be in liquid-
ordered and liquid-disordered phases (1). This phenomenon
has gained broad interest in the last decade, since phase
separation is thought to organize molecules in cell plasma
membranes and plays an important role in cell function (2).
The liquid-ordered phase domains in plasma membranes are
defined as rafts. With cold, nonionic detergent extraction
methods, rafts have been isolated from plasma membranes as
a detergent-resistant fraction that is enriched in glycosphin-
golipids, cholesterol, and specific membrane proteins (3).
Biophysical studies on lipid phases are most readily
performed on model membranes instead of cells. This is
because chemical components and physical conditions are
under total experimental control in model membranes. The
domains of model membranes can be at the micrometer scale,
allowing them to be resolved by light microscopy. Phase
separation has been studied under the microscope using
fluorescent probes. Most probes partition preferentially into
one phase: for instance, lissamine rhodamine 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine and perylene segregate
preferentially into the liquid-disordered and liquid-ordered
phases, respectively (4). Laurdan uses a different mechanism
to differentiate the two phases. It exhibits an emission spec-
trum shift of up to 50 nm and a photoselection effect in the
domains of different phases (5,6). Thus, laurdan labels both
phases but displays distinct optical properties in each.
Laurdan is excited with near-ultraviolet light, making it
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advantageous to use two-photon fluorescence (TPF) micros-
copy. This has the added advantage in cellular applications (7)
of minimizing bleaching and the damaging effects of ultra-
violet excitation, as only the dye molecules in the optical
section are excited.

However, imaging of rafts in live cells has not been widely
reported and can be quite challenging. Most of the probes
used in model membranes are mixed with lipids before
vesicle development, so the loading method cannot be read-
ily applied to live cells. Cell biologists often turn to fluo-
rescently labeled toxins and antibodies, which bind to lipids
or proteins in rafts; these include cholera toxin subunit B for
Gpp and antibodies against caveolins (8,9). Fluorescent-
protein-tagged constructs of proteins known to associate
with rafts have also permitted the visualization of domains in
live cells (10). These probes indicate the location of a certain
chemical component, but not the physical phase of the
domains, which defines rafts; of course, specific labels and
antibodies can also be problematic for live-cell imaging
experiments. Furthermore, analysis of the diffusion rate of
molecules in plasma membranes suggests that the size of
rafts may be at the nanometer scale, which is not resolvable
by light microscopy (11). For example, electron microscopy
reveals caveolae, raft-like structures, with a size of 25—-150 nm
in diameter (12). An additional consideration is that, according
to biochemical analysis, rafts are thought to be heteroge-
neous in both lipid and protein components (13), so labeling
a particular chemical component may not visualize the gen-
eral distribution of rafts. Indeed, biophysical studies on model
membrane domains and cell biological studies on cell mem-
brane heterogeneity suffer from a dearth of common tools.
Therefore, information derived from model membrane stud-
ies is not readily connected to cell membrane physiology.

doi: 10.1529/biophysj.105.072884
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Di-4-ANEPPDHQ is a potentiometric styryl dye that has
recently been introduced for studies of neuronal activity
(14). It is reasonably water-soluble yet has a high avidity for
membrane. Thus, a simple solution of the dye in extracellular
medium readily stains live cells. It inserts into one leaflet of
the bilayer membrane, with its chromophore aligned by the
surrounding lipid molecules. Di-4-ANEPPDHQ is conve-
niently excited by blue light, including the common 488-nm
laser line available in all confocal microscopes. As with other
styryl dyes (15), it has a high-fluorescence quantum effi-
ciency and large Stokes shift when bound to membranes, but
very little fluorescence in water. This minimizes background
fluorescence contributions. Its spectra are solvatochromic
and electrochromic, with the latter effect providing the basis
for its sensitivity to membrane potential.

In this article, we explore environmental influences on the
optical properties of di-4-ANEPPDHQ that promise to make
it an excellent probe of membrane domains. We find that the
local cholesterol concentration and lipid phase affect the
dye’s emission spectrum. Given these optical properties, di-
4-ANEPPDHQ successfully differentiates liquid-ordered and
-disordered phases in giant unilamellar vesicles (GUVs) with
both single photon fluorescence (SPF) and TPF. The dye also
has a much higher second harmonic generation (SHG) signal
in the liquid-disordered phase. A preliminary account of this
work has appeared as a Biophysical Letter (16). Here we
provide data that helps explain the physical origin of these
optical phenomena and further apply the method to a variety
of model membrane systems.

We also successfully demonstrate the applicability of di-
4-ANEPPDHQ in a live cell system, polarized neutrophils,
which have lipid rafts concentrated at the front lamellipodia
(7). The dye shows a smaller red/green fluorescence ratio in
the front lamellipodia compared to those of the rest of the
cell. The ratio difference between the front and rear dis-
appears after cholesterol depletion, which breaks up rafts. We
anticipate that the dye will reveal membrane heterogeneity
in other cells and become a unifying tool for both model-
membrane and live-cell investigations of lipid domains.

MATERIALS AND METHODS
Materials

The lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC), cholesterol, egg phosphatidylcho-
line, and brain sphingomyelin, were all obtained from Avanti Polar Lipids
(Alabaster, AL). The dye, di-4-ANEPPDHQ, was synthesized in our labo-
ratory according to the published procedure (14).

Vesicle development
Large unilamellar vesicles (LUVs)

A solution of 5 mg lipids in 0.2 ml chloroform was prepared with the desired
molar ratio of lipids. The solutions were dried under argon, and held in a
vacuum chamber for 1 h to completely evaporate the solvent. Distilled
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deionized water (2 ml) was added to hydrate the lipids for 1 h. The lipid
suspension is pushed through a polycarbonate membrane with 3-um pores
in a miniextruder system (Avanti Polar Lipids) 21 times. If there is DPPC in
the lipid mix, the hydration and extrusion are done at 60°C to keep the lipid
in liquid phase during the procedure.

GUVs

Twenty microliters of 1 mg/ml lipid solution in chloroform was spread evenly
on two indium-tin-oxide-coated glass slides (Delta Technologies, Stillwater,
MN). The chloroform was evaporated under argon and held in a vacuum
chamber for 1 h. The two slides were separated by 0.39-mm-thick Teflon
spacers with the lipid layers facing each other, forming a capacitor sandwich.
The space between the slides was filled with Millipore water and connected to
a function generator (10 MHz, Wavetek, San Diego, CA), producing a 10-Hz
sinusoidal wave of 3 V for 1 h. The GUVs were developed at 60°C if there
was DPPC or brain sphingomyelin in the lipid mixture (17,18).

Cell preparation
Neutrophil isolation

Polymorphonuclear leukocytes from mouse bone marrow were isolated
from femurs as described (19), with some modifications. Marrow cells were
flushed from the bones using Hank’s balanced salt solution (HBSS) with-
out Ca?*/Mg** (GIBCO, Grand Island, NY) + 0.1% BSA + 5 mM Hepes
(GIBCO). Red blood cells were lysed with 0.15 mM NH,4Cl, 1 mM KHCO3,
0.1 mM Na, EDTA for 4 min at room temperature. The remaining leukocytes
were washed twice in HBSS (Ca*>*/Mg?* -free) + 0.1% BSA + 5 mM Hepes
and resuspended in 3 ml of a 45% Percoll solution in HBSS (Ca®*/Mg**-
free). The leukocytes were loaded on a Percoll density gradient, which had a
Percoll concentration of 81%, 62%, 55%, and 50% from the bottom to the
top. Cells were centrifuged at 1600 g for 30 min at room temperature. The
neutrophil band between the 81% and 62% layers was harvested, and washed
twice in fresh HBSS (Ca®>"/Mg?*-free) + 0.1% BSA + 5 mM Hepes.

Polarization

The cells were plated in coverglass-bottom dishes and incubated for 5 min.
The chemoattractant ligand fMLP (10 uM) was added and after 10 min
incubation the polarized neutrophils were ready for imaging.

Cholesterol depletion

Plated cells were incubated in buffer solution with 10 mM methylated
B-cyclodextrin (Cycoldextrin Technologies Development, High Springs,
FL) for 15 min at 37°C. After the cylcodextrin solution was washed away,
cells were polarized with ligand.

Staining

LUVs were stained with 2 and 1 uM di-4-ANEPPDHQ added into cuvettes
in spectrum-shift and affinity studies, respectively. GUVs were stained
by 10 uM di-4-ANEPPDHQ. Neutrophils were treated with 3 uM di-4-
ANEPPDHQ in buffer solution and immediately transferred to the micro-
scope for imaging.

Spectrum measurement
LUVs

Inacuvette, 1 ml of the LUV suspension from the extruder is diluted by water
to 3 ml and stained with 2 uM di-4-ANEPPDHQ. The spectra were measured
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by a Fluorolog spectrofluorometer (SPEX, Hoboken, NJ). The sample
temperature was controlled by an MGU Lauda circulation bath (Brinkmann,
Westbury, NY). For emission spectra measurement, 475 nm excitation was
used, and for excitation spectra measurement, 630 nm emission was used. All
spectra were corrected for the wavelength dependence of the monochro-
mators, and, for emission spectra, for the detector sensitivity at different
wavelengths.

Affinity analysis

LUV suspensions of 0, 0.02, 0.04, 0.06, 0.08,0.1,0.2,0.4,0.6,0.8, 1, 2, 3,4,
and 5 mg/ml were each equilibrated with 1 uM di-4-ANEPPDHQ, and
emission spectra were recorded. The signal intensity at the peak wavelength
was used in a one-site saturable binding analysis.

Imaging

For confocal SPF imaging of GUVs, we used a Zeiss Meta multiwavelength
confocal microscope system mounted on an Axiovert 200M microscope
(Carl Zeiss, Thornwood, NY). The di-4-ANEPPDHQ fluorescence is excited
by the 488-nm line of an argon ion laser, collected by a plan-Apochromat
63X/1.4 o0il DIC objective, and filtered through emission channels of either
BP 650-710 nm or BP 500-550 nm. The lambda function of the Meta
system was used to collect emission spectra from 521 to 703 nm.

The neutrophils images are taken with an LSM 510 confocal microscope
mounted on a Zeiss Alexiovert. The samples are excited by a 488-nm argon
ion laser line. The fluorescence emission is collected by a plan-Apochromat
63X/1.4 0il DIC objective and filtered through either LP 650-nm or BP 505—
550 nm emission channels. Ratio images are calculated by dividing the
emission intensity from the LP650 channel by the emission intensity from
the BP 505-550 channel on a pixel by pixel basis. In a separate set of experi-
ments, we used the Meta system to acquire spectra from the front and rear of
polarized neutrophils as described above for the GUVs.

The excitation for both TPF and SHG, femtosecond laser pulses at 910
nm, is from a Mira 900 Ti:sapphire ultrafast laser (Coherent, Santa Clara,
CA) pumped by a 10 W Verdi doubled solid-state laser (Coherent). The laser
is circularly polarized by a half-waveplate (CVI Laser) and a quarter-
waveplate (CVI Laser). A Fluoview scanning confocal imaging system
(Olympus America, Melville, NY) directs the scanning beam into the sample
through an IR-Achroplan 40X/0.8NA water-immersion objective on an
Axioskop microscope (Zeiss). TPF is collected backward through the
objective and a bandpass filter (either 540/50 or 675/50 nm), and detected by
a photomultiplier tube (Hamamatsu, Tokyo, Japan). The SHG is collected
forward through a 0.9 NA condenser and a 455-nm filter onto a photon-
counting head (Hamamatsu). Both TPF and SHG signals are input to the
Fluoview amplifier board (Olympus America) (20).

RESULTS

Di-4-ANEPPDHQ is a relatively new member of the series
of styryl dyes developed in our laboratory as fluorescent
sensors of transmembrane potential (21). Compared with
widely used ANEPPS dyes that are zwitterionic, di-4-
ANEPPDHQ has two positive charges on its headgroup (Fig.
1), which give it two unique properties. First, it is water
soluble without the need of detergents or cyclodextrin as
vehicles. Second, its double positive charge retards the rate
of flipping from the outer leaflet of the bilayer to the inner
leaflet. This will also decrease the rate of internalization of
the dye, which can produce significant background fluores-
cence in cell studies. These two properties make di-4-
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FIGURE 1
facilitate dye binding to the lipid membranes; (b) the chromophore; and (c)
the headgroup, with two positive charges.

Structure of di-4-ANEPPDHQ: (@) two hydrocarbon chains to

ANEPPDHQ a better membrane probe than the ANEPPS
dyes while retaining the general styryl attributes of low aque-
ous fluorescence, high membrane fluorescence, and large
Stokes shift.

Liquid-ordered and liquid-disordered membrane domains
differ in both chemical composition and physical phases. In
the liquid-ordered phase, the membrane is enriched with
cholesterol and lipids with a high melting temperature. The
ordered molecules are more tightly packed, with less flexi-
bility and slower diffusion. In the liquid-disordered phase,
the membrane is enriched with lipids with a low melting tem-
perature. The disordered molecules are loosely packed, with
more flexibility and faster diffusion. These environmental differ-
ences in the two domains could influence di-4-ANEPPDHQ’s
fluorescence. We separately investigated how the dye’s spec-
trum responds to these chemical and physical factors.

We developed LUVs with different lipid components
and used temperature to control their phase transitions. We
stained these vesicles with di-4-ANEPPDHQ and measured
the dye’s excitation and emission spectra with a spectroflu-
orometer. The basic components of the vesicles are DOPC,
DPPC, and cholesterol. DOPC and DPPC have the same
headgroup and differ in the length and saturation of fatty acid
chains. DOPC is an unsaturated lipid with a transition tem-
perature of —21°C, whereas DPPC is a saturated lipid with a
transition temperature of 41°C (22).

To test the chemical components’ influence, we first mea-
sured the dye’s spectra in LUVs of pure DOPC and pure DPPC
at 60°C (Fig. 2). At this temperature, the vesicles of each
lipid are in the liquid-disordered phase. Di-4-ANEPPDHQ’s
excitation and emission spectra in DPPC LUVs are slightly
blue-shifted relative to its spectra in DOPC LUVs. There-
fore, we conclude that di-4-ANEPPDHQ is not particularly
sensitive to the environmental difference caused by the
unsaturation of the fatty acid chains of the phosphatidylcho-
lines. In other words, the dye will not readily distinguish the
liquid-ordered and liquid-disordered phase domains based
on a concentration difference in these saturated and unsat-
urated lipids alone.

Another chemical difference between the liquid-ordered
and liquid-disordered phases can be cholesterol concentra-
tion. So we prepared LUVs of DPPC with different cho-
lesterol concentrations from 0 to 40 mol %, and measured
di-4-ANEPPDHQ’s spectra in them at 60°C. At this
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FIGURE 2 Excitation and emission spectra of di-4-ANEPPDHQ in pure
DOPC and pure DPPC LUVs at 60°C: solid, DOPC; dotted, DPPC.

temperature LUV of all these mixtures will be in the liquid-
disordered phase (23), so the only difference between these
vesicles is the cholesterol concentration. In Fig. 3, the
excitation spectrum blue-shifts a little with increasing
cholesterol concentration, whereas the emission spectrum
shows significant changes. Increasing the cholesterol con-
centration from 0 to 40 mol % shifts the peak of the emission
spectrum from 628 nm to 588 nm. Another obvious change
is that the emission spectrum is getting narrower: the half-
peak width changes from 169 nm to 122 nm. We also ex-
amined the effect of varying cholesterol concentrations in
DOPC LUVs at room temperature. The spectra showed sim-
ilar changes with increasing cholesterol concentration (data
not shown). Therefore, we conclude that di-4-ANEPPDHQ’s
fluorescence emission is sensitive to the cholesterol concen-
tration.

We next considered the direct effect of the physical phase
on the spectra. We developed LUVs with DPPC and cho-
lesterol at a molar ratio of 7:3. Membranes with this com-
position will be in a liquid-disordered phase at 60°C and in a
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FIGURE 3 Excitation and emission spectra of di-4-ANEPPDHQ in
DPPC LUVs with different cholesterol concentration at 60°C. Cholesterol
concentration: 40% (blue), 30% (green), 20% (yellow), 10% (orange), and
0% (red).
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liquid-ordered phase at 20°C (23). We changed the tem-
perature to control the phase transition, and measured
di-4-ANEPPDHQ'’s spectra. Fig. 4 a shows the excitation
and emission spectra at different temperatures. From the
emission spectra, we can see that the fluorescence intensity
decreases with the temperature increase. To observe the
spectrum shift more clearly, we normalized all the spectra by
the area under the curves (Fig. 4 b). The excitation spectrum
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FIGURE 4 Excitation and emission spectra of di-4-ANEPPDHQ in LUVs
composed of of 70% DPPC and 30% cholesterol at 60°C (red), 50°C
(orange), 40°C (yellow), 30°C (green), and 20°C (blue). (a) Excitation and
emission spectra. (b) Normalized excitation and emission spectra. (¢) A plot
of the ratio of intensities at 650 nm to those at 550 nm reveals that the emis-
sion spectrum shift is steepest around 40°C.
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does not change, whereas the emission spectrum blue-shifts
with the temperature decrease. The emission peak wave-
lengths at 60°C and 20°C are around 602 nm and 570 nm,
respectively. The emission spectrum also gets narrower with
the temperature decrease. The half-peak width changes from
152 nm at 60°C to 114 nm at 20°C.

To assess the relationship between the emission spectrum
and the temperature, we divide the emission intensity at 660
nm by that at 550 nm, and plot the ratio against the corre-
sponding temperatures (Fig. 4 ¢). The emission changes
most rapidly around 40°C, which is close to the transition
temperature of DPPC, 41°C. Multilamellar vesicles of the
DPPC and cholesterol binary mixtures have been studied by
nuclear magnetic resonance and differential scanning calo-
rimetry (23). The phase diagram derived from these studies
shows that small-scale (# < 1 wm) liquid-ordered phase
domains will appear within the liquid-disordered phase
domains when the temperature is decreased to close to the
transition temperature. With further temperature decrease,
the membrane will eventually become homogeneous in the
liquid-ordered phase. Therefore, we suspect that the rapid
emission shift in Fig. 4 b mainly reflects the phase transition
and is not some other effect of the temperature change.

To test the effect of temperature in the absence of a phase
transition, we measured the temperature dependence with
LUVs composed of pure DOPC as a control. DOPC has a
transition temperature of —21°C, so in this control experi-
ment, changing temperature from 20°C to 60°C does not
cause a phase transition. In Fig. 5 a, we observed a fluo-
rescence intensity decrease with temperature increase, as in
Fig. 4 a. In Fig. 5 b, the spectra are normalized, showing no
shift in the excitation spectrum, and a very small and con-
tinuous emission-spectrum blue shift from 638 nm to 630 nm
as temperature decreases from 60°C to 20°C. The rate of
emission change is analyzed by plotting the emission ratios
at 690:580 nm against the temperatures (Fig. 5 ¢), revealing
a linear relationship within this temperature range. Addi-
tionally, the emission spectrum (Fig. 5 b) does not show any
signifcant narrowing as a function of temperature. Compar-
ing Figs. 4 and 5, we can draw the following conclusions: 1),
di-4-ANEPPDHQ'’s fluorescence intensity decreases as the
temperature increases; and 2), the dye’s emission spectrum
blue-shifts and narrows during the membrane phase transi-
tion from the liquid-disordered to the liquid-ordered phase.

In summary, we have shown that the di-4-ANEPPDHQ
fluorescence is not sensitive to the fatty acid chain difference
between DOPC and DPPC. Its emission spectrum reports the
cholesterol concentration increase by blue-shifting and nar-
rowing. Its emission spectrum also shifts and narrows in
response to the transition between the liquid-disordered and
liquid-ordered phases. Additionally, its fluorescence inten-
sity decreases with temperature increase. For the extreme
case of liquid-disordered DOPC versus liquid-ordered 7:3
DPPC/cholesterol membranes, the difference in emission
wavelength maximum is 60 nm. Because of this large emis-
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FIGURE 5 Spectra of di-4-ANEPPDHQ in LUVs of pure DOPC at 60°C
(red), 50°C (orange), 40°C (yellow), 30°C (green), and 20°C (blue). (a)
Excitation and emission spectra. (b) Normalized excitation and emission
spectra. (¢) A plot of the ratio of emission intensities at 690 nm to those at
580 nm reveals that the small spectrum shift is linear with the temperature.

sion spectrum difference, di-4-ANEPPDHQ should differ-
entiate liquid-ordered and -disordered domains coexisting in
membranes.

To test this idea, we used di-4-ANEPPDHQ to stain GUVs
with DOPC, DPPC, and cholesterol in a mixture of 2:2:1
molar ratio. At room temperature, membranes with this
composition form separate liquid-ordered and -disordered
phases (18). DOPC is more concentrated in the disordered
phase, whereas DPPC and cholesterol are more concentrated
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in the ordered phase. In Fig. 6, a—c, di-4-ANEPPDHQ shows
opposite contrast patterns for the green (500-550 nm) and
red (650-710 nm) emission band channels, reflecting do-
main phase separation within the GUV. Based on our anal-
ysis of the LUV data of Figs. 2-5, we assign the greener
domains in the GUV images to the liquid-ordered, choles-
terol-enriched phase and the redder domains to the liquid-
disordered, cholesterol-depleted phase. To confirm this, we
have shown that perylene, a probe known to partition pref-
erentially into the liquid-ordered phase (4), colocalizes with
the greener di-4-ANEPPDHQ emission. Using the spectral
recording capabilities of the multielement detector in the
Zeiss Meta confocal microscope, we were able to obtain
emission spectra from these two regions. Fig. 6 d shows the
normalized emission spectra of di-4-ANEPPDHQ in the
liquid-ordered (greener) and liquid-disordered (redder) do-
mains of GUVs with this composition. The emission peak
in the green domain is ~575 nm, whereas in the red domain
it is ~607 nm. From Fig. 6 d, we can also see that the green
emission spectrum is narrower than the red one, as predicted.
This is not as large as the 60-nm spectral difference dis-
played between the LUVs composed of pure DOPC versus
DPPC/cholesterol; the smaller spectral difference between
the domains in the GUVs presumably reflects the incomplete
segregation of lipids into the two domains (see Discussion).
From these averaged normalized emission spectra, we can
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assess the relative contrast between the two domains within
the wavelength ranges corresponding to the emission filters
used for Fig. 6, a—c; the intensity ratio for liquid-ordered/
liquid-disordered is 3.7 within the 500-550 nm green band,
whereas it is 0.23 for the 650—710 nm channel. This explains
why the choice of filters in Fig. 6, a—c, permits ready visual-
ization of the separated phases.

Di-4-ANEPPDHQ senses cholesterol concentration and
phase difference, hallmarks for liquid-ordered and -disor-
dered phase domains, implying that the dye would distin-
guish domains in GUVs composed of more natural lipid
mixtures. To test this hypothesis, we made GUVs with ex-
tracted natural lipids: egg phosphatidylcholine, brain sphin-
gomyelin, and cholesterol in a 2:2:1 molar ratio. GUVs of
this mixture can have coexisting liquid-ordered and -dis-
ordered phase domains at room temperature (18). Egg phos-
phatidylcholine is a mixture of L-a-phosphatidylcholines
with various fatty acid chains, and its main component is
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, an un-
symmetric phospholipid with a low transition temperature of
—2°C (22). Brain sphingomyelin is a mixture of different
ceramide-1-phosphocholines, and its main component is
stearoyl sphingomyelin, with a high transition temperature of
41.5°C (24). 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline and stearoyl sphingomyelin are common cell
plasma membrane components, so this test can provide a
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FIGURE 6 Confocal fluorescent images of a GUV
(2:2:1 DPPC/DOPC/cholesterol) stained by di-4-
ANEPPDHQ. (a) BP 650-710 nm emission channel.
(b) BP 500-550 nm emission channel. (¢) Merging of a
and b images. (d) Emission spectra of the two domains.
Excitation is at 488 nm for all images.
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first indication of whether di-4-ANEPPDHQ might be suited
for cell biological applications. The two lipids differ not only
in their fatty acid chains, which determine the transition
temperature, but also in their backbone structures. Therefore
they indicate whether the dye’s sensitivity will be affected by
factors other than the fatty acid chains. Di-4-ANEPPDHQ
again displayed emission spectral differences between the
two coexisting phases that permitted visualization of
domains in images of these GUVs. (Fig. 7). The images in
Fig. 7 were acquired using the same emission wavelengths as
the images in Fig. 6. The spectrum peak in the ordered phase
is around 596 nm, whereas in the disordered phase it is ~639
nm (Fig. 7 d). Thus, both spectra are red-shifted compared to
the simpler mixture of synthetic lipids analyzed in Fig. 6; this
may reflect an overall greater disorder in both domains of the
natural lipid GUVs. The spectrum in the disordered domains
is also broader than in the ordered domains. Analysis of the
relative contrast in the two domains shows that the intensity
ratio for liquid-ordered/liquid-disordered is 2.3 within the
500-550 nm green band, whereas it is 0.53 for the 650-710
nm channel. These contrast ratios are substantial, but not as
great as those found for the synthetic lipids; this accounts for
the poorer contrast in Fig. 7, a—c, compared to Fig. 6, a—c.
This experiment shows that the dye also distinguishes
domains with natural lipids with various backbone structures
and complex mixtures of fatty acids.
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In all the experiments above, we imaged di-4-ANEPPDHQ’s
SPF. In lipid membranes, the dye can also be imaged by two
nonlinear optical methods, TPF and SHG. Therefore, we also
imaged GUVs (2:2:1 DOPC/DPPC/cholesterol) with these
two methods (Fig. 8). The mechanisms of TPF and SPF
are different in excitation but the same in emission. Since
the dye’s sensitivity to the domains relies on its emission-
spectrum shift, the TPF and SPF results should be similar. As
expected, in TPF images one domain shows greater red
emission, whereas the other shows greater green emission.
The SHG signal is stronger in the domains with greater red
TPF, indicating that the dye has a higher SHG signal in the
liquid-disordered phase than in the liquid-ordered phase.

SHG is a coherent scattering effect from noncentrosym-
metrically arrayed hyperpolarizable molecules (25-27). The
styryl chromophore of di-4-ANEPPDHQ displays strong
resonance-enhanced hyperpolarizability, and in membranes
the dye is aligned by the surrounding lipids, with the mol-
ecules arranged in the same orientation in a single leaflet.
Therefore, membrane-bound di-4-ANEPPDHQ generates
second harmonics. The signal intensity of SHG is quadratic
with respect to the dye’s concentration, so one hypothesis for
the higher SHG signal in the liquid-disordered phase is that
the dye preferentially partitions into the liquid-disordered
phase over the liquid-ordered phase. A significant, but lower,
concentration of dye in the liquid-ordered phase could
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FIGURE 7 Confocal fluorescent images of a GUV
composed of natural lipids (2:2:1 brain sphingomyelin/
egg phosphatidylcholine/cholesterol) stained with di-4-
ANEPPDHQ. (@) BP 650-710 nm emission channel.
(b) BP 500-550 nm emission channel. (¢) Merging of a
and b images. (d) Emission spectra of the two domains.
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FIGURE 8 TPF (red and green) and SHG (blue) images of GUVs (2:2:1
DOPC/DPPC/cholesterol) stained with di-4-ANEPPDHQ. (@) TPF from the
515-565 nm emission channel. (b) SHG signal (transmitted light at 455 nm)
taken simultaneously with a. (¢) Merging of images in a and b. (d) TPF from
the 650-700 nm emission channel. (¢) SHG signal taken simultaneously
with d. (f) Merge of images in d and e. Note that because of the need for a
filter change, the upper and lower rows of images were not acquired
simultaneously. The incident light was at 910 nm.

produce sufficient fluorescence emission to account for the
comparable intensities from both phases, if the fluorescence
quantum efficiency of the dye were higher in liquid-ordered
than in liquid-disordered phases.

To estimate di-4-ANEPPDHQ’s relative affinity to mem-
branes in liquid-ordered and liquid-disordered phases, we
titrated 1 uM of dye with LUVs at concentrations from 0 to
5 mg/ml and measured the fluorescence enhancement asso-
ciated with dye binding. The fluorescence at wavelengths
corresponding to maximal excitation and emission of the
bound form is plotted against the lipid concentration of the
LUV suspensions (Fig. 9). We then fit the data to a one-site
saturable binding model via nonlinear least-squares analysis
(15):

(Fu —F)C

F. =
C+K,y

+ F. (1)
F. is the fluorescence when the lipid concentration is C; F
is the fluorescence when all of the dye is bound; Fj is the
almost negligible fluorescence from aqueous dye in the
absence of lipid; K, is the parameter for the relative affinity
of the dye to the LUV, measured in mg/ml. We made LUVs
of pure DOPC and 2:1 DPPC/cholesterol, and measured their
emission spectra at room temperature, at which LUVs of the
two mixtures would be in disordered and ordered phases,
respectively. Excited with 475 nm, the peak emission in
DOPC LUVs is 620 nm, whereas in DPPC/cholesterol LUVs
it is 568 nm. The ordered-phase data fits the one-site
saturable binding model (Fig. 10 a), in which Fy =407, F , =
2.6 X 10*, and K4 = 0.691 mg/ml. The disordered-phase data
does not fit a one-site saturable binding model; it can be fit
with a sum of high- and low-affinity binding isotherms:
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FIGURE 9 Peak fluorescence intensity changes in LUV suspension
titrations: (a¢) LUVs with 2:1 DPPC/cholesterol; (b) LUVs with DOPC.
The solid curves correspond to the binding isotherm fits described in the text.
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In Fig. 10 b, the fitting curve for the measured data is the
sum of the fluorescence from free dye, bound dyes in form 1,
and bound dyes in form 2. We find that Fy = 53, F o =
6488, K4 = 0.063 mg/ml, Fo» = 3.1 X 10° and Kg, =
3.4 X 10" mg/ml. The first binding form has high affinity,
whereas the second binding form has very low affinity.
Because the K, value of 3.4 X 10* is much higher than the
lipid concentrations used here, the second binding form
shows an essentially linear fluorescent increase with in-
creasing lipid concentration in this range. From Fig. 10 b,
when the lipid concentration is low, binding form 1 is the
main contributor to the fluorescence. In the GUV experiments,
the lipid concentration in the preparation is ~0.1 mg/ml,
which is in the low concentration range of the titration
curve, so the high-affinity binding site is the major binding
form at this lipid concentration and contributes ~98% of the
fluorescence in the disordered phase domain. Therefore, the
dye’s relative affinities to the disordered phase and ordered
phase are estimated by comparing K4; = 0.063 mg/ml and
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FIGURE 10 Confocal images of di-4-ANEPPDHQ fluorescence in
neutrophils. The left column displays an overlay of red (LP650) and green
(BP 505-550) emission channels, and the right column shows the red/green
ratio. (a and b) A nonpolarized neutrophil. Scale bar, 5 wm; pseudocolor bar
of ratio value 0.1-1.2. (¢ and d) A polarized neutrophil. Scale bar, 10 wm;
pseudocolor bar of ratio value 0.1-1.2. (e and f) A cholesterol-depleted
neutrophil. Scale bar, 10 wm; pseudocolor bar of ratio value 0.5-1.5. In ¢
and e, the direction of migration is indicated by arrows.

K4 = 0.691 mg/ml, respectively. Thus, the dye’s concentra-
tion should be ~10 times higher in the disordered phase than
in the ordered phase, explaining the higher SHG signal in the
disordered phase.

After this series of studies on di-4-ANEPPDHQ in model
membranes, we tested the efficacy of the dye to image lipid
domains in cells. Because individual rafts are smaller than
the spatial resolution of the light microscope (11), we chose
polarized neutrophils, which are thought to have a high
density of rafts in their front lamellipodia, with the expec-
tation that the dye could show shorter emission wavelength
in the region of high raft localization.

Neutrophils can be activated by a chemoattractant fMLP
(formyl-methionyl-leucyl-phenylalanine). This is an impor-
tant step for the recruitment of leukocytes during the inflam-
matory response. After activation, neutrophils are polarized
with a blunted leading edge and a narrower posterior. F-actin
in the lamellipodia in the front drives the cell to migrate
toward the direction of higher chemoattractant gradient. This
morphology change and motility is mediated by the polar-
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ized distribution of proteins and lipids, such as F-actin and
PIP; (28). Membrane reorganization during polarization
recruits rafts to the front lamellipodia. Immunofluorescent
staining of raft markers, sphingolipid GM3 and calcium
channel TRPC-1, indicates that after polarization rafts are
concentrated toward the leading edge of neutrophils. Cho-
lesterol depletion disrupts rafts and abolishes the reorgani-
zation of the two markers during the polarization (29,30).
Raft distribution in the neutrophils is also supported by emis-
sion spectrophotometry studies of cells stained by laurdan.
Laurdan’s spectrum blue-shifts in the liquid-ordered phase.
Its emission spectrum from the front lamellipodia blue-shifts
compared with the cell body and nonpolarized cell. The
difference disappeared after cholesterol depletion (30). There-
fore, we regard polarized neutrophils as a well studied cell
system to test di-4-ANEPPDHQ.

To visualize lipid-domain heterogeneity with our probe,
we divided images with emission at >650 nm by images
acquired simultaneously through a 505-550 nm emission
bandpass filter. Since the liquid-disordered phase has a dye
emission spectrum that is shifted to the red compared to the
dye in the liquid-ordered phase, a ratio of red/green emission
intensities provides an indication of the relative population
of domains at each point in the membrane. Similarly, the dye
responds to high cholesterol by shifting its emission spec-
trum to the green, so the emission ratio for red/green wave-
length bands will be sensitive to cholesterol concentration.
We calculated this ratio for each pixel and can display and
analyze the pattern of ratio values in the resulting image.
Since rafts are presumed to be composed of high cholesterol
in a liquid-ordered phase, pixels with low red/green ratios
will correspond to patches of membranes with a higher den-
sity of rafts than pixels with high red/green ratios. The non-
polarized neutrophils are approximately spherical (Fig. 10,
a and b). Di-4-ANEPPDHQ does not show significant
ratio heterogeneity along the membranes in these cells. In
polarized neutrophils (Fig. 10, ¢ and d), di-4-ANEPPDHQ
has a smaller ratio value in the lamellipodia at the leading
edge. After cholesterol depletion, the neutrophils still can
be polarized by fMLP, but the ratio difference of di-4-
ANEPPDHQ between the front and back (Fig. 10, e and f) is
largely abolished.

Fig. 11 is a statistical summary of several such experi-
ments on polarized neutrophils with and without cholesterol
depletion. The depleted groups show generally higher red/
green ratios in the plasma membranes (Fig. 11 a). We
divided the red/green ratio of the front lamellipodia by that
of the back lamellopodia to reveal the difference between
the two areas; if this value of ratios is 1, no asymmetry is
indicated. The value is ~0.87 in the polarized neutrophils
and 0.96 in the cholesterol-depleted neutrophils (Fig. 11 b).
The number is closer to 1 after cholesterol depletion, which
is consistent with the disruption of raft domains by removal
of cholesterol. The data displayed in Fig. 11 ¢ show that
the front and rear of the cells have significantly differing
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emission spectra—approaching the separation obtained from
the resolved domains of the natural lipid GUVs (Fig. 7).
Significantly, the difference in the front versus the rear spec-
tra is abolished upon cholesterol depletion (Fig. 11 d). This
suggests that the spectral difference in the normal polarized
cells is a result of a biased distribution of cholesterol toward
the leading edge of the cell, as would be associated with a
high density of rafts.

In summary, we compared the images from the nonpo-
larized, polarized, and cholesterol-depleted polarized neu-
trophils. Di-4-ANEPPDHQ shows a lower red/green ratio in
the front lamellipodia of polarized neutrophils relative to the
rest of the cell. In cholesterol-depleted cells, this heteroge-
neity is lost. Di-4-ANEPPDHQ’s response is consistent with
the results from raft marker staining distribution and laurdan
spectroscopy studies. This demonstrates di-4-ANEPPDHQ’s
ability to detect rafts in living cells.

DISCUSSION

In this article, we have presented a new optical probe, di-4-
ANEPPDHQ), for imaging phase-separated domains in lipid
membranes. We can use it to differentiate the liquid-ordered
and liquid-disordered domains in GUVs with linear and
nonlinear imaging methods, namely SPF, TPF, and SHG.
Di-4-ANEPPDHQ shows green and red emission in the
ordered and disordered phases, respectively. To further un-
derstand the mechanism, we undertook a series of studies
with LUVs of different lipid composition and different
phases. We found that the dye’s emission spectrum is pri-
marily influenced by two factors, cholesterol concentration
and the lipid phases. The emission spectrum blue-shifted
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with cholesterol concentration increase, and it also blue-
shifted in the liquid-ordered phase relative to the liquid-
disordered phase.

Cholesterol affects lipid membranes in two ways. First, it
is known that cholesterol changes the lipid membrane’s
dipole potential (31,32). Second, it changes the packing of
lipid molecules in the membrane (33). Both of these effects
could influence di-4-ANEPPDHQ’s fluorescence.

Dipole potentials are intramembrane potentials originating
from oriented dipoles at the membrane/water interface. The
polar molecules contributing to dipole potentials include
water, the polar headgroups of lipid molecules, and the ester
linkages of acyl chains to the glycerol backbone of phos-
pholipids. Dipole potentials in the membrane bilayer are
positive in the center, with a magnitude of several hundred
millivolts. Cholesterol increases the dipole potentials, and
styryl dyes have been shown to sense the dipole potential
changes in lipid membranes (32). In theory, dipole potentials
can affect the energy difference between the excited and
ground states of dye molecules. Both the excitation and emis-
sion spectra would be influenced, and they would be shifted
in the same direction and to a similar extent. This has been
demonstrated by studying the spectra of another styryl dye,
d-4-ANEPPS (32). A cholesterol analog, 6-ketocholestanol,
which increases dipole potential (34), blue-shifts di-4-ANEPPS’
excitation and emission spectra to a similar extent, amount-
ing to just a few nanometers (32). Interestingly, in our ex-
periments, increasing cholesterol concentration in the LUVs
blue-shifts both the excitation and emission spectra of di-4-
ANEPPDHQ, but to a much greater extent in the emission
spectrum. Therefore, we conclude that cholesterol’s influ-
ence on the dipole potential contributes to the dye’s
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emission-spectrum shift, but it cannot account for the large
magnitude of the shift.

As cholesterol also changes the order of lipids in mem-
branes, a second hypothesis for the origin of the emission
shift is that it reflects a change in the local molecular ordering
of the dye molecule’s environment. Membranes with pure
lipid will be in a liquid-disordered phase above their tran-
sition temperature and in a solid phase below the transition
temperature. Cholesterol in the lipid membrane disrupts
molecular packing when the membrane is below the lipid’s
transition temperature, whereas it orders the acyl chains of
lipids when the temperature is higher than the transition
temperature. Thus, an intermediate phase, the liquid-ordered
phase, has been established for cholesterol-containing mem-
branes (35,36). Therefore, cholesterol could increase the
order or rigidity of the molecular environment surrounding
di-4-ANEPPDHQ, thereby decreasing the dye’s Stokes shift.
The Stokes shift reflects the energy lost when the excited dye
molecules relax to a lower energy geometry and a lower
energy distribution of solvent molecules before emitting
fluorescence. Styryl dyes are known to have large Stokes
shifts, reflecting the formation of twisted excited states and
a large reorganization of solvent around the redistributed
charge within the excited state (37,38). When the environ-
ment becomes more ordered, conformation change and re-
arrangement of the solvent may be limited. Therefore, there
will be less energy lost and more energy released as fluo-
rescence from dyes in the rigid environment. The data of
Fig. 3 could then be explained as an increased order or rigid-
ity in the neighborhood of dye molecules as the cholesterol
concentration is increased.

The same hypothesis concerning the Stokes shift could also
explain the phase transition’s effect on di-4-ANEPPDHQ.
The lipid rigidity increases when the membrane phase
changes from liquid-disordered to -ordered. In Fig. 4, there is
no obvious excitation shift but a large emission blue shift
during the phase transition.

Comparing emission spectra from LUVs of DOPC and 7:3
DPPC/cholesterol, there is a 60 nm peak difference. In
GUVs of 2:2:1 DPPC/DOPC/cholesterol, the spectra from
the ordered and disordered phases have a shift of ~30 nm,
which is smaller than the maximum possible difference of
~60 nm obtained from the LUV experiments. In the GUVs,
the chemical components are not totally segregated into the
two phases, so not all the DOPC is in the disordered phase
and not all the DPPC and cholesterol are in the ordered
phase. Cholesterol in particular does not show dramatically
preferential partitioning between the two phases. In GUVs
made from 7:7:5 DOPC/DPPC/cholesterol, after phase
separation at 25°C, NMR shows that in the ordered phase
32 mol % of the lipid molecules are cholesterol, whereas in
the disordered phase 22 mol % of the lipids are cholesterol
(39). Although the formula of GUVs used in our experiment
(2:2:1 DOPC/DPPC/cholesterol) is slightly different from
that used in the NMR study, we would still expect only
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moderately preferential partitioning of cholesterol into the
liquid-ordered phase. Thus, the emission spectrum shift of
30 nm mainly reflects the phase difference rather than a large
difference in cholesterol concentration. This also helps ex-
plains why the natural lipids (Fig. 7) show a somewhat poorer
contrast between the two phase-separated domains in the red
and green emission channels. The partitioning of the dif-
ferent lipids between the two phases will be even less clean
for this heterogeneous mixture of natural lipids. Further-
more, the more complex lipid mixture will tend to somewhat
diminish the order even within the liquid-ordered phase, thus
accounting for the red shift of both spectra in Fig. 7 com-
pared to those of Fig. 6. Thus, the LUV spectra represent
extremes that can be used to gauge the domain characteristics
in the GUVs and in cells.

Di-4-ANEPPDHQ differentiates the two domains not only
by its fluorescence but also by its SHG signals. Its higher
SHG intensity in the liquid-disordered phase reflects the
higher concentration of the dye. The affinity of the dye to
LUV composed of DOPC, representing a liquid-disordered
membrane, is ~11 times higher than the affinity for 2:1
DPPC/cholesterol, representing the liquid-ordered phase, at
room temperature. If we assume that all the DOPC is in the
GUVs’ liquid-disordered phase and all the DPPC and cho-
lesterol are in the liquid-ordered phase, we would conclude
that the concentration of di-4-ANEPPDHQ in the liquid-
disordered phase is 11 times that in the liquid-ordered phase.
Thus, based on the quadratic dependence of SHG intensity
on concentration (26), we might expect to see the SHG signal
intensity in the disordered phase to be 121 times that in the
liquid-ordered phase. The relative SHG signal measured in
the disordered phase to that in the ordered phase is actually
7:1, which is much smaller than the expected 121:1. It
corresponds to only a 2.6-fold higher concentration in the
disordered phase. We explain the smaller ratio in two ways.
First, the implicit assumption concerning the concentration
of lipids in the two phases of the GUVs is not reasonable. As
explained above, the lipids do not partition into the two
phases with a complete segregation. Therefore, the affinities
estimated in LUVs of DOPC and 2:1 DPPC/cholesterol can
work only as an upper limit for the GUV experiment. Second,
the concentration of the dye is not the only factor influencing
the SHG signal intensity. The alignment of the dyes is
another important factor. SHG depends on coherent scatter-
ing of polar molecules, which need to be aligned in the same
orientation, so the signal will be strongest if the dye chromo-
phores are parallel to each other. In the ordered phase the
acyl chains are straighter, and the lipids are more tightly
packed. This will improve alignment of the dye molecules
and increase the SHG signal in the ordered phase, partially
counteracting the effect of a higher concentration of the dye
in the disordered phase.

In summary, di-4-ANEPPDHQ shows significant fluores-
cent emission spectrum shifts in liquid-ordered and -disor-
dered phase domains coexisting in GUVs. This appears to
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primarily reflect the membrane rigidity in the different phases.
The dye also shows SHG intensity contrast between the two
domains, reflecting both the dye’s concentration and align-
ment in the two phases.

Di-4-ANEPPDHQ has been used to measure the transmem-
brane potential changes in live cells, and we provide evi-
dence that it can also be used as a probe for rafts in neutrophil
plasma membranes. Compared to other probes currently used
to study membrane domains in live cells, di-4-ANEPPDHQ
has some benefits. First, it loads into cells from a water
solution. Most membrane probes are not water soluble, so
they need organic solvents, such as DMSO and ethanol, or
vehicles, such as Pluronic F127 or y-cyclodextrin, to be
mixed with buffer solutions for cells. These may disturb cell
membranes and cause artifacts. Second, the dye loads into
cells rapidly. Laurdan requires 30-60 min to stain cells (7),
during which period it may be internalized by endocytosis.
Signals from intracellular organelles complicate the image
analysis. Di-4-ANEPPDHQ stains the plasma membrane
rapidly, so the stained cells can be imaged immediately.
Before any obvious endocytosis is observed, there is a time
window during which clean fluorescent images of plasma
membrane can be acquired. The length of the time window
depends on the type of cell and the temperature. Further-
more, if rafts are detected by SHG from the dye, the internal
staining will not show up in the SHG images. Third, di-4-
ANEPPDHQ can be imaged by multiple optical methods,
including confocal microscopy with commonly available
visible wavelengths. Fourth, di-4-ANEPPDHQ’s fluores-
cence senses the environmental differences between phases,
as required for detecting rafts with different chemical com-
ponents. Probes such as cholera toxin subunit B, which bind
to certain chemical components in rafts, may not detect all
rafts in cells because of the heterogeneity of rafts. It should
be cautioned that, as with other environmentally sensitive
probes, the spectrum of di-4-ANEPPDHQ could be influ-
enced by interactions with membrane proteins that cannot be
predicted from its spectral characterization in lipid vesicles.
However, the fact that the emission spectra originating from
the front and rear of the cell are distinct in normal cells (Fig.
11 ¢), but become indistinguishable in cholesterol-depleted
cells (Fig. 11 d), argues that, at least in the case of neutro-
phils, the dye is sensitive to a differential distribution of
cholesterol-enriched raft domains. We anticipate that di-4-
ANEPPDHQ will become a valuable probe for visualizing
lipid domains in live cells.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://www .biophysj.org.
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