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Two-Photon Fluorescence Microscopy of Laurdan Generalized
Polarization Domains in Model and Natural Membranes

Tiziana Parasassi,* Enrico Gratton,# Weiming M. Yu,# Paul Wilson,§ and Moshe Levi§
*Istituto di Medicina Sperimentale, CNR, Rome, Italy; #Laboratory for Fluorescence Dynamics, University of Illinois at Urbana-Champaign,
Urbana, Illinois, USA; and §The University of Texas Southwestern Medical Center at Dallas and Department of Veterans Affairs Medical
Center, Dallas, Texas 75216 USA

ABSTRACT Two-photon excitation microscopy shows coexisting regions of different generalized polarization (GP) in
phospholipid vesicles, in red blood cells, in a renal tubular cell line, and in purified renal brushborder and basolateral
membranes labeled with the fluorescent probe laurdan. The GP function measures the relative water content of the
membrane. In the present study we discuss images obtained with polarized laser excitation, which selects different molecular
orientations of the lipid bilayer corresponding to different spatial regions. The GP distribution in the gel-phase vesicles is
relatively narrow, whereas the GP distribution in the liquid-crystalline phase vesicles (DOPC and DLPC) is broad. Analysis of
images obtained with polarized excitation of the liquid-crystalline phase vesicles leads to the conclusion that coexisting
regions of different GP must have dimensions smaller than the microscope resolution (-200 nm radially and 600 nm axially).
Vesicles of an equimolar mixture of DOPC and DPPC show coexisting rigid and fluid domains (high GP and low GP), but the
rigid domains, which are preferentially excited by polarized light, have GP values lower than the pure gel-phase domains.
Cholesterol strongly modifies the domain morphology. In the presence of 30 mol% cholesterol, the broad GP distribution of
the DOPC/DPPC equimolar sample becomes narrower. The sample is still very heterogeneous, as demonstrated by the
separations of GP disjoined regions, which are the result of photoselection of regions of different lipid orientation. In intact red
blood cells, microscopic regions of different GP can be resolved, whereas in the renal cells GP domains have dimensions
smaller than the microscope resolution. Preparations of renal apical brush border membranes and basolateral membranes
show well-resolved GP domains, which may result from a different local orientation, or the domains may reflect a real
heterogeneity of these membranes.

INTRODUCTION

Lipids in biomembranes are the milieu for boundary func-
tions of cells, including stimuli to growth and to immuno-
logical and stress response, i.e., information delivered from
the environment to the cell interior. Membranes of internal
organelles allow the compartmentalization of cell functions.
Extensive literature exists on the influence of the membrane
lipid dynamics on all of the above cell functions (Aloia et
al., 1993; Grant, 1983; Maresca and Cossins, 1993). In
particular, given the complexity of the membrane lipid
composition, questions have been raised with regard to the
possible coexistence of domains of different dynamical
properties in the membrane plane, these domains being of
relevance for a putative preferential partitioning of proteins
and of solutes, for modulating membrane activity, and for
diffusion along the plane and through the bilayer.

Fluorescence spectroscopy is one of the commonly used
tools for the investigation of lipid dynamical properties. The
information on membrane packing and dynamics is ob-
tained from spectroscopic properties such as excitation and
emission spectra, polarization, and lifetime of fluorescent
probes in the membrane. Among several fluorescent probes,
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the sensitivity of 2-dimethylamino-6-lauroylnaphthalene
(laurdan) to the polarity of its environment has presented
several advantages for membrane studies. This probe shows
spectral sensitivity to the polarity of its environment, with a
50-nm red shift of its emission maximum in polar versus
nonpolar environments, so that simple fluorescence inten-
sity measurements at two properly selected wavelengths
provide information on the membrane polarity. Several
studies have shown that laurdan spectroscopic properties
reflect local water content in the membrane (Parasassi and
Gratton, 1995). Also, for laurdan, a modification of the
ratiometric method was previously developed, the general-
ized polarization (GP) function, which allows rapid and fine
measurements of the emission spectral shift (Parasassi et al.,
1990). Laurdan was thus an ideal candidate for microscopy
measurements, but its use was limited because of its rapid
fading. Only recently has the development of the two-
photon fluorescence microscopy made it possible to mini-
mize photobleaching problems.

In "cuvette studies," the dependence of the GP value on
the excitation wavelength has been used to discriminate
between membranes composed of a homogeneous phase
and of coexisting domains of gel and liquid-crystalline
phases. Excitation GP spectra are calculated by reporting
the GP value as a function of the excitation wavelength, i.e.,
the GP value defined as GP = (I440 - 1490)1(I440 + I490) as
a function of the excitation wavelength. For model mem-
brane systems labeled with laurdan, a negative slope of the
GP excitation spectrum indicated a homogeneous liquid-
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crystalline environment, and a positive slope indicated the
coexistence of gel and liquid-crystalline phase domains
(Parasassi and Gratton, 1995). However, when laurdan ex-
citation GP spectra were calculated by labeling the mem-
branes of 12 mammalian cell types, no evidence of phase
domain coexistence was obtained (Parasassi et al., 1993a).
Furthermore, laurdan GP studies on the influence of cho-
lesterol on the dynamical properties of phospholipid phases
showed that cholesterol has a "homogenizing" effect, which
results in an increase in the dynamics of the gel phase and
a decrease in that of the liquid-crystalline phase (Parasassi
et al., 1994). The overall spectroscopic properties of cells
were consistent with a picture of a homogeneously fluid-
phase state, with restricted molecular motion compared to
the pure phospholipid liquid-crystalline phase, and closely
resembling the liquid-ordered phase described by Ipsen et
al. (1987, 1989). In vesicles, the influence of cholesterol on
the phospholipid phase state was found to depend on its
absolute concentration. In particular, at peculiar cholesterol
concentrations, abrupt modifications of the bulk lipid dy-
namical properties were observed (Parasassi et al., 1995).
The fine modulation of structural and dynamical membrane
properties at specific cholesterol concentrations was sup-
ported by recent findings by Virtanen et al. (1988, 1995)
and by the Chong group (Tang and Chong, 1992; Chong et
al., 1994; Chong, 1994) on presumed hexagonal lattice-type
ordered molecular arrangements created at peculiar concen-
trations of a guest molecule in the phospholipid matrix,
including cholesterol. In summary, from all of the above
results the picture of the cell membrane dynamical proper-
ties appeared to be characterized by 1) the absence of
gel-phase domains; 2) a homogeneous liquid-crystalline-
like or liquid-ordered phase; 3) abrupt dynamical changes
due to fine variations in cholesterol concentration. By ex-
trapolating the results found in model membrane systems, it
was hypothesized that in natural membranes the lipid dy-
namical properties could be finely tuned by small variations
of the cholesterol concentration. In this liquid-crystalline-
like ordered phase, it is noteworthy that laurdan spectros-
copy could not reveal whether, in the presence of choles-
terol, domains of different dynamical properties exist or not
(Parasassi et al., 1994).

Microscopy can provide a unique tool for the study of
membrane heterogeneity. However, the application of flu-
orescence spectroscopy methods to the microscope has been
restricted, mainly because of the photolability of most of the
membrane probes. Although there is a relatively extensive
literature on membrane domains induced by protein segre-
gation or similar induced effects (Rodgers and Glaser,
1991), the problem of the organization of the lipid compo-
nents has not been extensively studied with the microscope.
Recently, GP images of mouse fibroblast membranes la-
beled with laurdan were obtained with a two-photon fluo-
rescence microscope (Yu et al., 1996) showing the existence
of GP domains of different average GP values in the various
cellular compartments. Possible artifacts due to the cell

were excluded. Within each cellular membrane, the result-
ant GP domains were of very small size. A crucial obser-
vation was the broad distribution of GP values. One trivial
explanation for the wide GP distribution was that of mea-

surement noise. However, the possibility existed that the
observed distribution reflected different local values of the
GP. These observations stimulated more basic studies on

model membrane systems for a characterization and under-
standing of the origin of the GP distribution. We reasoned
that if we can perform simultaneous measurements of po-

larization and GP on each pixel, we can determine if there
is a correlation between well-oriented membrane regions
and GP values. From our previous knowledge on membrane
packing and dynamics in phospholipid vesicles (Parasassi et
al., 1990), we expected that more ordered regions (high
polarization) should correspond to regions of relatively low
water content (high GP). If this correlation can be demon-
strated for well-identified membrane regions, then the GP
distribution may correspond to a real membrane spatial
heterogeneity.

In this work we present a study performed using lipid
vesicles of different phase states and of coexisting phase
states, with and without 30 mol% cholesterol. As a first
approach to the study of the effect of cholesterol on phos-
pholipid dynamics, the above cholesterol concentration was

used, being representative of the average cell membrane
cholesterol concentration (Levi et al., 1987). The lipid ves-
icles have been labeled with laurdan, and GP images have
been acquired using our two-photon microscope. We also
have acquired images of intact red blood cells, a renal
tubular cell line, and renal apical brush border membranes
and basolateral membranes with the purpose of comparing

the results found in vesicles with the images of natural
biological membranes.

MATERIALS AND METHODS

Lipid vesicle preparation

Multilamellar phospholipid vesicles were prepared by mixing the appro-

priate amounts of solutions in chloroform (spectroscopic grade) of phos-
pholipids (dioleoyl-, dilauroyl-, dipalmitoylphosphatidylcholine, DOPC,
DLPC, DPPC, respectively; Avanti Polar Lipids, Alabaster, AL) with or

without cholesterol (Sigma Chemical Co., St. Louis, MO) and laurdan
(Molecular Probes, Eugene, OR), then evaporating the solvent by nitrogen
flow. The dried samples were resuspended in Dulbecco's phosphate-
buffered saline (PBS) solution (pH 7.4) (Sigma Chemical Co.), heated

above the transition temperature, and vortexed. The final total lipid and

probe concentrations were 0.3 mM and 0.3 ,M, respectively.

Fluorescence spectroscopy measurements

Fluorescence emission spectra of laurdan-labeled vesicles were obtained
using a photon counting spectrofluorimeter (model GREG 200; ISS, Cham-
paign, IL), equipped with a xenon arc lamp and photon-counting electron-
ics (PXOI; ISS) and thermostated at 200C by a circulating water bath. The
excitation generalized polarization (GP) spectra were calculated from the

autofluorescence and to quenching by cellular components

2414 Biophysical Journal
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wavelengths of 440 nm or 490 nm, by

GP = (I440 -1490)1(1440 + I490) (1)

The two-photon polarization of laurdan was determined by using the
same ISS spectrofluorimeter, except that the light source was a Ti-sapphire
laser tuned at 770 nm, focused on the sample cuvette with a 5-cm focal
length lens. The polarization determined for laurdan in glycerol at -20°C
was 0.66, a value substantially larger than that obtained for one-photon
excitation at 385 nm (0.44).

Red blood cell preparation
Approximately 5 ml of blood was drawn from a healthy laboratory volun-
teer in an EDTA-containing glass tube, and red blood cells (RBCs) were
separated by centrifugation. The RBCs were then washed and resuspended
in PBS.

Cell culture of opossum kidney cells

OK cells, a renal tubular epithelial cell line derived from the opossum
kidney (Arar et al., 1995), were grown in a humidified 5% C02/95% air
atmosphere in Dulbecco's modified Eagle's high-glucose medium
(DMEM) containing 10% fetal calf serum, 100 IU/ml penicillin G, and 0.1
mg/ml streptomycin. For fluorescence microscopy measurements, cells
were seeded on dishes containing microscope coverslips for 2-4 h. During
this time the cells adhere to the coverslips, maintaining their round
shape. The round shape was preferred for our experiments with polarized
excitation.

Brush border and basolateral
membrane preparation
Apical brush border (BBM) and basolateral (BLM) membranes from the
rat renal cortex were simultaneously isolated by a differential centrifuga-
tion, magnesium precipitation, and discontinuous sucrose gradient method
(Molitoris and Simon, 1985) as previously described (Levi et al., 1987,
1989). The BBM preparation was enriched at least 12-fold compared to the
starting cortical homogenate, as assayed by the BBM-specific enzyme
markers alkaline phosphatase, maltase, -y-glutamyl transferase, and leucine
aminopeptidase specific activity. The BLM preparation was enriched at
least 10-fold, compared to the starting cortical homogenate, as assayed by
the BLM-specific enzyme marker Na,K-ATPase (Levi et al., 1987).

Two-photon microscopy measurements

Preparation of samples

Lipid vesicles. A drop of the lipid vesicle suspension was evaporated on
a glass coverslip with a nitrogen stream. The coverslip was mounted on the
microscope slide with a drop of distilled water.
OK cells. Laurdan labeling was performed directly on the culture dishes,

adding 1 Al of a 2 mM probe solution in dimethyl sulfoxide (DMSO) per
I ml of the growth medium and incubating for 30 min in the dark. Then the
cells were gently washed with fresh medium and the coverslip was
mounted on the microscope slide with fresh medium.

Red blood cells. About 20 ,ul of RBCs was diluted in 1 ml of PBS.
Laurdan dissolved in DMSO was added to the suspension at a final
concentration of 0.5 ,aM. At higher laurdan concentrations, the red cells
were observed to lose their classical shape. After an incubation period of
30 min, the cells were washed once more and resuspended in 1 ml of
buffer. About 100 ,ul of the solution was transferred to a hanging drop slide
and sealed with a coverslip. The coverslip was covered with a hydrophobic

BBM and BLM membranes. Purified membranes were diluted to a

concentration of 0.1 mg protein/ml. Laurdan labeling was performed by
adding 1 Al of the 2 mM probe solution in DMSO per 1 ml of the
membrane sample. The sample was vortexed for 30 s at room temperature.
Then a drop of the membrane preparation was evaporated on a coverslip
with a nitrogen stream. The coverslip with the dried membrane was

mounted on the microscope slide with a drop of distilled water.

Experimental apparatus for two-photon excitation
microscopy measurements

Two-photon excitation is a nonlinear process in which a fluorophore
absorbs two photons simultaneously. Each photon provides half the energy
required for excitation. The high photon densities required for two-photon
absorption are achieved by focusing a high peak power laser light source

on a diffraction-limited spot through a high numerical aperture objective.
Hence, in the areas above and below the focal plane, two-photon absorp-
tion does not occur, because of insufficient photon flux. In this manner the
two-photon method provides a depth discrimination or sectioning effect
similar to that of confocal microscopy without using emission pinholes. For
example, when 770-nm excitation (which results in a two-photon absorp-
tion equivalent to 385-nm excitation) is used with a 1.25 NA objective,
over 80% of the total fluorescence intensity is confined to within 1 ,um of
the focal plane (So et al., 1995, 1996). Another advantage of the two-
photon excitation is the significant reduction of photobleaching and pho-
todamaging in areas above and below the focal plane.

The data acquisition and image analysis methods for GP microscopy
measurements as described by Yu et al. (1996) were followed. A titanium-
sapphire laser (Mira 900; Coherent, Palo Alto, CA) pumped by an argon

ion laser (Innova 310; Coherent) was used as the excitation light source

because of its stability. The wavelength of the laser was tuned at 770 nm,

where it has maximum power. The laser light was guided by a galvanom-
eter-driven x-y scanner (Cambridge Technology, Watertown, MA) to
achieve beam scanning in both the x and y directions. The scanning rate
was controlled by the input signal from a frequency synthesizer (Hewlett-
Packard, Santa Clara, CA), and a frame rate of 9 s was used to acquire the
three images (256 x 256 pixels) for the GP calculation. The laser power

was attenuated to 20 mW before the light entered the microscope. The
sample receives about one-tenth of the incident power. A quarter-wave

plate (CVI Laser Corporation, Albuquerque, NM) was placed after the
polarizer to change the polarization of the laser light from linear to circular
for polarization-independent excitation. To change the laser polarization, a

polarizer was placed right after the quarter-wave plate in the excitation
path. Two optical bandpass filters (Ealing Electro-Optics, New Englander
Industrial Park, Holliston, MA) were used to collect fluorescence in the
blue and red regions of the laurdan emission spectrum. A miniature
photomultiplier (R5600-P; Hamamatsu, Bridgewater, NJ) amplified
through a AD6 discriminator (Pacific, Concord, CA) was used for light
detection in the photon counting mode. The counts were acquired by a

home-built card.

RESULTS

Spectroscopy

Laurdan fluorescence excitation and emission spectra, GP
values, and GP spectra in phospholipid vesicles in the gel
and in the liquid-crystalline phases and the effect of cho-
lesterol have been extensively reported in previous papers

(Parasassi et al., 1990, 1994; Parasassi and Gratton, 1995).
For clarity, here we recall some of the emission spectral
features of this probe and of its excitation GP spectra. We
also present new spectroscopic data on the equimolar mix-

silane layer to help maintain the round cell shape.
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In Fig. 1 A, laurdan emission spectra at 20°C of vesicles
in the liquid-crystalline phase (DOPC and DLPC vesicles),
in the gel phase (DPPC vesicles), and in the equimolar
mixture of two coexisting phases (DOPC/DPPC and DLPC/
DPPC vesicles) are reported. Because of dipolar relaxation,
in liquid-crystalline vesicles a red shift of the emission can
be observed, which is more pronounced in DOPC vesicles.
The laurdan emission in gel-phase DPPC vesicles is narrow
and blue. In vesicles composed of mixed phases, the emis-
sion spectrum is broad, because of both blue and red emit-
ting laurdan molecules. The corresponding excitation GP
spectra are reported in Fig. 1 B. Excitation GP spectra show
laurdan GP values obtained at the different excitation wave-
lengths, from 320 nm to 420 nm. Characteristic features of
the laurdan excitation GP spectra can be summarized as
follows: 1) In the gel phase (DPPC vesicles), no appreciable
wavelength dependence of the GP value can be observed. 2)
In the liquid-crystalline phase (DOPC and DLPC vesicles),
the GP value decreases with increasing excitation wave-
length. This behavior has been explained as being due to an
increasing excitation of the relaxed laurdan molecules pop-
ulating the red part of the excitation band as the excitation
wavelength is increased. 3) In the presence of coexisting
phases (equimolar mixtures of DOPC/DPPC and of DLPC/

DPPC), the red part of the excitation spectrum corresponds
to laurdan molecules surrounded by phospholipids in the gel
phase, so that as the excitation wavelength is increased,
more unrelaxed (blue emitting) laurdan molecules are ex-
cited, resulting in an excitation GP spectrum with a positive
slope. This opposite behavior of laurdan excitation GP
spectra, with a positive slope in the presence of mixed
phases and a negative slope in the liquid-crystalline phase,
has been used to discriminate between membranes com-
posed of two coexisting or one-phase phospholipids
(Parasassi et al., 1993a,b; Parasassi and Gratton, 1995). In
Fig. 2 A we report the laurdan emission spectra obtained in
the same samples with the addition of 30 mol% cholesterol.
The presence of 30 mol% cholesterol noticeably reduces the
dipolar relaxation effect, resulting in a blue shift of the
emission spectra observed in all samples. The excitation GP
spectra of the samples with 30 mol% cholesterol are re-
ported in Fig. 2 B. Compared with the same samples without
cholesterol, we can observe a general increase in the abso-
lute GP values. Furthermore, a modification of their wave-
length dependence can be observed, the excitation GP spec-
tra being relatively flat, similar to the excitation GP spectra
observed in gel phase without cholesterol. In the phospho-
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lipid mixtures and in the presence of cholesterol, the typical
spectral features of two coexisting phases as opposed to the
liquid-crystalline phase cannot be observed. These results
have previously been discussed in terms of an opposite
effect of cholesterol on the dynamic properties of the two
pure phases, with the consequence of a homogenizing effect
on the membranes that are composed of coexisting phases
(Parasassi and Gratton, 1995). In the presence of choles-
terol, a relatively small wavelength dependence of the GP
value can be observed in the samples composed of pure
phospholipids, DOPC, DLPC, and DPPC, only at high
excitation wavelengths, above 390 nm, with a slightly neg-
ative slope as the excitation wavelength increases.

Microscopy

Vesicles without cholesterol

Images of vesicles composed of the above phospholipids
and labeled with laurdan have been obtained with the two-
photon excitation fluorescence microscope, using polarized
laser excitation. Although we present images of selected
fields of view, the entire slide presents a remarkable homo-
geneity. Different regions have almost identical GP histo-
grams, although the shape of the vesicles may vary from
region to region. Under white light, vesicles appear approx-
imately spherical. Because of the sectioning effect of the
two-photon microscope, a section -600 nm thick is imaged
for each scan. In Fig. 3 the section images of the DOPC
vesicles at room temperature (-20°C) are shown. The dif-
ferent colors represent different laurdan GP values, follow-
ing the scale reported in the figure. The GP values are
relatively low, mainly below 0, as expected in vesicles in

the liquid-crystalline phase. In all images presented, the
average GP value is in excellent agreement with that mea-
sured in cuvette studies. A novel result from the microscope
images is that the distribution of the GP values is broad,
indicating a relevant heterogeneity of the vesicles (Fig. 4 A).
Polarized excitation allows a better understanding of the
heterogeneity of the vesicles. Polarized excitation ( 100
with respect to the horizontal) apparently photoselects areas
(pixels) of higher GP value. The photoselection due to
polarized light obtained by two-photon excitation is more
pronounced than the photoselection obtained by one-photon
excitation, because of the larger value of the time 0 polar-
ization of laurdan (0.66 at 770 nm versus 0.44 at 385 nm).
By selectively plotting only the pixels below and above the
average value of the GP distribution (GP < -0.2, Fig. 3 B;
GP > -0.2, Fig. 3 C), different, nonoverlapping areas are
drawn. Because of the photoselection operated by the po-
larized excitation, mainly the pixels with higher GP values
are plotted along the axis parallel to the excitation axis (Fig.
3 C). The heterogeneity of the liquid-crystalline phase is
even more evident in the images of the DLPC vesicles (Fig.
5). Also for these vesicles, the broad GP histogram (Fig. 4
B) corresponds to disjoined spatial regions (Fig. 5 A). Ex-
citation polarization photoselection can clearly be seen by
plotting of the pixels with GP < 0 or GP > 0 (Fig. 5,'B and
C). The images obtained from DPPC vesicles are shown in
Fig. 6. In this gel-phase sample, the GP values are high and
relatively homogeneous (see the relatively narrow histo-
gram in Fig. 4 C). The excitation polarization photoselec-
tion is barely visible. In Fig. 6, B and C, the images of the
areas of the DPPC vesicles with GP < 0.45 and GP > 0.45,
respectively, are reported. The selected regions do not cor-

A~}80k ( 0.4 0-A
-0 .4 0.8

.... .. ...

I -0. - 4
0.3 0.8

G.P
FIGURE 3 GP images of DOPC vesicles labeled with laurdan at room temperature ( 20°C). The colors indicate different GP values following the
reported scale. The image scale bar is reported in A, together with the direction of the excitation polarization. In B and C only selected GP values are drawn,
using the colors indicated in the corresponding scales. Polarized excitation light has been used; the direction of polarization is 1l00 with respect to the
horizontal.
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DPPC sample with cholesterol (Fig. 9) appear almost com-
pletely "polarized," with a very low intensity in the vertical
plane, perpendicular to the horizontal excitation polariza-
tion. The histogram of the GP distribution (Fig. 8 B) is
relatively narrow but shifted to higher GP values, and shows
a tail of low intensity with lower GP values. The pixels with
low GP value are uniformly distributed in the membrane
(Fig. 9 B), rather than located in disjoined large regions. In
the vesicles composed of the equimolar mixture of DOPC
and DPPC, the presence of 30 mol% cholesterol produces a
narrowing of the GP histogram (Fig. 8 C), and the images
appear strongly polarized (Fig. 10). When low and high GP
values (lower or higher than 0.3) are plotted, the excitation
photoselection is clearly observable (Fig. 10, B and C).
When the excitation is unpolarized, a more complex pattern
appears (Fig. 11). The characteristic annular shape of the
vesicles is due to the particular section of this image that is
close to the bottom of the vesicles.

RBC and OK cells

The images of intact RBCs are shown in Fig. 12 A. The
section is through the center of the cell. The GP histogram
is relatively wide (Fig. 12 D). Sectioning of the histogram in
low GP and high GP produces the images of Fig. 12, B and
C. One remarkable feature of Fig. 12, B and C, is that the
regions of low and high GP are not disjoined, but the high
GP image is well polarized, whereas the low GP image has
pixels uniformly distributed around the cell membrane. OK
cells have a large amount of fluorescence from internal
membranes (Fig. 13 A). When only GP values greater than
0.3 are plotted, the plasma membrane is isolated with higher
intensity (pixel density) parallel to the excitation polariza-
tion (Fig. 13 C). To isolate the external membrane, we have
masked the pixels in the cell interior and left only those
pixels corresponding to the plasma membrane (Fig. 14 A).
Only for this membrane is the GP histogram relatively
broad (Fig. 14 D). The images of low and high GP appear
to be well polarized and disjoined (Fig. 14, B and C).

11,
t., :" '..` .1

..,

r-.,. .1, "
." i, A ?%

FIGURE 4 Histograms of the GP values measured in DOPC (A), DLPC
(B), and DPPC (C) vesicles at room temperature (-20'C), using polarized
excitation light. The direction of polarization is -10' with respect to the
horizontal.

respond to disjoined areas. For vesicles composed of the
equimolar mixture of DPPC and DOPC, the phase coexist-
ence is impressively clear in the GP image (Fig. 7), both for
the spread of the GP histogram (Fig. 8 A) and for the
photoselection operated by the polarized excitation (Fig. 7).

Vesicles with 30 mol% cholesterol

The presence of cholesterol induces remarkable modifica-
tions in the images presented above. The images of the

BBM and BLM membranes

GP images of natural membranes, purified rat renal brush-
border, and basolateral membranes (BBM and BLM, re-
spectively) are shown in Fig. 15. We can observe a clear
difference between the average GP values of the BBM
(higher average values; Fig. 15 C) and BLM (lower average
values; Fig. 15 F), in agreement with the effect expected for
the higher cholesterol concentration of the BBM mem-
branes (Levi et al., 1987, 1989, 1990). Excitation polariza-
tion photoselection cannot be observed, probably because of
the complex shape of these membrane preparations. Instead,
in the GP images, a complex texture of different, separate,
coexisting GP values can be observed (Fig. 15, A and D).
Images obtained at selected GP values show well-resolved
microscopic structures. In addition, the borders of the mem-

2418 Biophysical Journal

.4-

AA

2-A.S."



Two-Photon Fluorescence Microscopy of Laurdan

¶jj]

-0.8 ) 1 0 0e 4 0.8 -( -0.4

G.P

FIGURE 5 GP images of DLPC vesicles labeled with laurdan at room temperature (-20°C). The colors indicate different GP values following the
reported scale. The image scale bar is reported in A, together with the direction of the excitation polarization. In B and C only selected GP values are drawn,
using the colors indicated in the corresponding scales. Polarized excitation light has been used; the direction of polarization is -lO' with respect to the
horizontal.

branes can be isolated by plotting only relatively low GP
values (Fig. 15, B and E).

DISCUSSION

The effect of photoselection and the
interpretation of the GP images

As the first point in our discussion, we want to emphasize
the importance of the GP measurement using polarized
excitation light. Indeed, GP images of mouse fibroblast

membranes have previously been reported, showing the
coexistence of several areas of different average GP values
(Yu et al., 1996). Furthermore, identifiable membrane struc-
tures, such as the plasma membrane and the nuclear mem-
brane, could be highlighted by plotting selected GP win-
dows. For example, the plasma membrane showed larger
GP values than the nuclear membrane. However, neither the
meaning of the broad GP distribution nor the contribution of
measurement noise to the degree of GP distribution was

previously discussed. For a better interpretation of the GP

O.23 .45
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FIGURE 6 GP images of DPPC vesicles labeled with laurdan at room temperature (-20°C). The colors indicate different GP values following the

reported scale. The image scale bar is reported in A, together with the direction of the excitation polarization. In B and C only selected GP values are drawn,

using the colors indicated in the corresponding scales. Polarized excitation light has been used; the direction of polarization is -20 with respect to the

horizontal.
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FIGURE 7 GP images of vesicles composed of the equimolar mixture of DOPC and DPPC labeled with laurdan at room temperature (-20°C). The colors
indicate different GP values following the reported scale. The image scale bar is reported in A, together with the direction of the excitation polarization.
In B and C only selected GP values are drawn, using the colors indicated in the corresponding scales. Polarized excitation light has been used; the direction
of polarization is -100 with respect to the horizontal.

distribution, we performed a series of experiments on lipid
vesicles using polarized excitation, the results of which we
present here. The interpretation we propose for the observed
GP patterns is based on a model that takes into account the
sectioning effect of the two-photon microscope and the
supposedly relatively well-organized structure of multila-
mellar vesicles, which allowed us to correlate regions of
different GP with regions of different orientation of the
laurdan molecules (see Fig. 16 for a diagram of various
possibilities). We assume that our microscope images cor-
respond to a section through the onionlike structure of the
multilamellar vesicle. Sections at the center or at the top
(bottom) of the multilamellar structure make it possible to
explore regions of different phospholipid orientation, as
shown schematically in Fig. 16. From a series of indepen-
dent measurements, we have determined that the transition
dipole moment of the laurdan molecule is oriented along the
phospholipid chain (Parasassi and Gratton, 1995). Because
of the well-organized structure of the vesicle, as we explore
different sections of a large vesicle, in the direction parallel
to the excitation polarization strong excitation can occur,
whereas poor excitation will occur in the polar regions and
perpendicular to the excitation polarization (Fig. 16, Exci-
tation photoselection panel). Furthermore, in the z section,
at the top or at the bottom of the spherical vesicle, poor
excitation will occur for bilayers with phospholipids and
laurdan molecules oriented along the z axis. Therefore,
excitation in the polar regions and along the z axis may only
occur in a disordered phase, with laurdan molecules ori-
ented with a component along the equatorial direction. Note
that the proposed identification of photoselection effects in
our images is based on the presumed knowledge of the

morphology of the membrane. A similar reasoning about
photoselection also applies to sections of discoid shapes or
planar bilayers. For structures smaller than the microscope
resolution, photoselection by polarized excitation still oper-
ates, but an average GP value will be measured, weighted
by the distribution of orientations of the particular structure
(Fig. 16, GP spatial distribution panel).
Our crucial experimental observation is that polarized

light, which photoselects well-oriented laurdan molecules,
also selects laurdan molecules associated with high GP
values. This is in itself a remarkable finding, because it
allows us to gain confidence about the meaning of the GP
distribution. By using polarized excitation, when the image
contains separated domains (pixels) of different GP values,
the higher GP domains being parallel to the excitation
polarization, we can determine that these domains (pixels)
are associated with regions of the membrane having differ-
ent GP values, rather than being the effect of measurement
noise. For most of our images we can clearly show that
different parts of the broad GP histogram correspond to
different regions of the image. To further illustrate our
model for the interpretation of the patterns observed and to
infer information about the size of the domains, let us
analyze some limiting theoretical situations (Fig. 16, GP
spatial distribution panel).

The laurdan molecule in a
homogeneous environment

In this case the GP distribution is narrow. If the membrane
is ordered (such as DPPC vesicles at 20°C), polarized
excitation in the vesicle structure may result in equatorial
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FIGURE 8 Histograms of the GP values measured in vesicles composed of the equimolar DOPC and DPPC mixture (A), of DPPC with 30 mol%
cholesterol (B), and of the equimolar DOPC and DPPC mixture with 30 mol% cholesterol (C). The experiments relative to A, B, and C have been performed
with polarized excitation. (D) Histogram of the same sample as in C, but excited by depolarized light. Measurements were made at at room temperature
(-20°C).

regions of substantial higher total fluorescence emission.
However, the GP image, which results only from spectral
differences and not by different orientations, should be
relatively uniform both in the equatorial and in the polar
regions of the vesicle. Of course, it may happen that in the
polar regions there is not enough intensity to measure the
GP. Our image-processing software only calculates the GP
in those pixels with adequate intensity. If the laurdan mol-
ecule can have every possible orientation in every location
in the vesicle, the total fluorescence intensity (as well as the
GP) should be spatially homogeneous.

The environment of the laurdan molecule is
heterogeneous because of the presence of
domains of different GP values

In this case the GP distribution is broad or bimodal. 1) If the
domains are smaller than the microscope resolution, in
every pixel there are both kinds of domains. Because "rigid"
domains are well oriented, they are preferentially excited in

the direction of the light polarization (equatorial), and laur-
dan molecules with high GP are preferentially observed in
this direction. In the perpendicular direction (polar) only the
"more fluid" domains can be excited. In this case, the GP
image appears to be "polarized," with an almost perfect
separation between the equatorial region (selection of the
ordered regions) and the polar regions (selection of the fluid
regions); this is the characteristic signature of the coexist-
ence of rigid and fluid domains smaller than the microscope
resolution. Note that this reasoning holds only in relatively
large, well-organized sections of the lamellar structure. 2) If
the domains are much larger than the microscope resolution,
then clearly separated regions with different GP should be
observed. 3) If the domains have a size comparable to the
pixel size or if there is a broad distribution of domain sizes,
then polarized excitation selects regions of high GP (rigid
domains), so that the image of the pixels with high GP is
essentially in the equatorial plane. However, because the
domains are relatively large, there may also be excitation of
relatively low GP domains (fluid domains) in both equato-
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FIGURE 9 GP images of vesicles composed of DPPC and 30 mol% cholesterol labeled with laurdan at room temperature (-20°C). The colors indicate
different GP values following the reported scale. The image scale bar is reported in A, together with the direction of the excitation polarization. In B and
C only selected GP values are drawn, using the colors indicated in the corresponding scales. Polarized excitation light has been used; the direction of
polarization is - 10° with respect to the horizontal.

rial and polar regions, because these domains are poorly
polarized. As a consequence, the image of the low GP
values is uniformly distributed in the equatorial and polar
regions. This is the characteristic signature of coexisting
domains with sizes comparable to the microscope resolu-
tion. Of course, to observe domains of this size, the contri-
bution from the different layers of the multilamellar vesicles
should be separated, i.e., only in unilamellar vesicles or in
cell membranes made of a well-identified single bilayer can

this effect be observed. Furthermore, these large microdo-
mains should last for times longer than the total time for the
GP image acquisition (-27 s).

Possible origin of the broad GP distribution of
the liquid-crystalline phase

We have a series of novel observations with regard to
previous models of dynamical properties of phospholipid

E.Uu

FIGURE 10 GP images of vesicles composed of the equimolar DOPC and DPPC mixture, with 30 mol% cholesterol, labeled with laurdan at room

temperature (-20°C). The colors indicate different GP values following the reported scale. The image scale bar is reported in A, together with the direction
of the excitation polarization. In B and C only selected GP values are drawn, using the colors indicated in the corresponding scales. Polarized excitation
light has been used; the direction of polarization is -10' with respect to the horizontal.
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FIGURE 11 GP images obtained with the same sample as in Fig. 10, but with excitation by depolarized light.

bilayers and of the effect of cholesterol. In vesicles com-
posed of a single phospholipid (i.e., of a single phase), an
unexpected finding of our microscopic observations con-
cerns the existence of a large dynamical heterogeneity,
particularly in the liquid-crystalline phase. In both DOPC
and DLPC vesicles, the GP distributions are surprisingly
broad (Fig. 4, A and B). We can observe a strong photo-
selection of higher GP values in the equatorial regions and
low GP values in the polar regions of our multilamellar
vesicles. In the GP images of DLPC vesicles, the separation
between equatorial and polar regions is particularly strong
(Fig. 5). According to our interpretation model, the size of
the GP domains must be smaller than the microscope res-
olution, which is -200 nm radially and 600 nm axially. The
small size of the microdomains can arise either because
along a single layer of the multilamellar vesicle the domains
are small or because the layers are so close that the contri-
bution from individual layers cannot be resolved. For a
vesicle in the liquid-crystalline phase we were expecting a
relatively homogeneous fluid environment of the laurdan
molecule. However, our experiments show that the liquid-
crystalline phase is made of a distribution of small domains,
which are stable enough to be observed as separate entities
during the fluorescence lifetime of laurdan, which is -4 ns
in the liquid-crystalline phase. We propose that the intrinsic
heterogeneity of the liquid-crystalline phase is due to a
distribution of different sites in which the laurdan molecule
can reside. These sites are characterized by a different
number of water molecules, and we have already demon-
strated that the GP value is sensitive to the membrane water
content (Parasassi and Gratton, 1995). On the basis ofNMR
studies (Borle and Seelig, 1983) and molecular dynamics
calculations (Chiu et al., 1995), we estimate that the average
number of water molecules at the location of the laurdan
fluorescent moiety is not more than two or three. Because of

the Poisson distribution of these few water molecules, there
is a distribution of laurdan environments with no, one, two,
three, etc. molecules of water. For example, for an average
of two molecules of water per cavity around the laurdan
fluorescent moiety, the Poisson distribution of water mole-
cules at the different sites is 0 -- 0.135, 1 -> 0.270, 2 ->

0.270, 3 -- 0.203, 4 -> 0.090, 5 -> 0.031, and more than
5 -> 0.020, The larger the number of water molecules, the
lower is the GP, and the larger is the cavity around the
laurdan molecule. Because of photoselection operated by
polarized excitation, in the polar regions, perpendicular to
the excitation photoselection, we can excite laurdan mole-
cule in large cavities, whereas in the equatorial regions,
parallel to the excitation photoselection, we preferentially
excite laurdan molecules in small cavities. This model ex-
plains why low GP values are correlated with poorly ori-
ented laurdan molecules. Instead, in DPPC vesicles, which
contain virtually no water at 20°C, the GP distribution is
narrow (Fig. 4 C), and the intensity arises almost completely
from the equatorial regions (data not shown). The GP image
is relatively uniform (Fig. 6), in accord with expectations
for a homogeneous sample. In these pure gel-phase vesicles,
the GP value was previously shown to be constant with
temperature and only dependent on the bilayer phase state,
but not on its composition (Parasassi and Gratton, 1995).
Within the liquid-crystalline phase a temperature increase is
known to cause a decrease in the laurdan GP to an asymp-
totic value (Parasassi et al., 1990). On the basis of our new
findings of the GP distributions in the liquid-crystalline
phase, we propose that this effect is caused by a gradual
increase of sites with more water as the temperature in-
creases. To support this point of view, we compare the GP
images of the DOPC and DLPC vesicles. Both vesicles are
in the liquid-crystalline phase at 20°C, but DLPC is closer
to the transition temperature than DOPC. In the image of the
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Parasassi et al. 2423



Volume 72 June 1997

,_. 9. 1:7'S

FIGURE 12 (A) GP images of red blood cells labeled with laurdan obtained at room temperature (-20°C). The colors indicate different GP values
following the reported scale. In B and C the low and high GP values are drawn, respectively, following the reported scales. (D) Distribution of the GP values.
The image scale bar is reported in A, together with the direction of the excitation polarization.

DLPC vesicles, regions of different GP are more disjoined.
We note that, in cuvette studies, neither the flat excitation
GP spectrum of the gel phase nor the wavelength depen-
dence of the excitation GP spectrum in the liquid-crystalline
phase could detect the heterogeneity shown by the micro-
scopic observations.

In equimolar mixtures of DOPC/DPPC, the gel
and liquid-crystalline domains are small

The microscopy images of the vesicles composed of an
equimolar mixture of the two phospholipid phases (DOPC
and DPPC) show the occurrence of regions of different GP
values (Fig. 7). The GP histogram is quite broad (Fig. 8 A).
For these samples, the excitation GP spectrum (as well as
many other techniques) reveals the coexistence of separate
domains (Fig. 1 B). However, we note that the GP histogram
is not clearly bimodal. The higher GP values in the distri-
bution (Fig. 8 A) are lower than those expected for a pure

gel phase, indicating that more water can penetrate the
DPPC phase. The lower GP values of the distribution his-
togram are higher than those expected for the pure DOPC
phase, indicating that less water is present in the mixture
sample. From the GP histogram we conclude that the do-
mains of high GP are not simply domains of pure gel, in
agreement with previous findings (Parasassi et al., 1993b).
The image of this mixture (Fig. 7) shows disjoined regions
of high and low GP, similar to the images of the pure DLPC
and DOPC vesicles. In analogy with the analysis of the
DLPC and DOPC vesicles, our interpretation model sug-
gests that the domains (which are known to exist in this
model) either are very small within a single layer, or each
layer contains large domains, but we observe multiple layers
in each pixel. The hypothesis of small (lateral) dimensions
for these domains is in agreement with previous calculations
based on spectroscopic observations. From time-resolved
studies of laurdan spectral shift in vesicles composed of
various relative concentrations of DLPC and DPPC
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FIGURE 13 (A) GP images of OK cells labeled with laurdan obtained at room temperature (-20°C). The colors indicate different GP values following
the reported scale. In B and C the low and high GP values are drawn, respectively, following the reported scales. (D) Distribution of the GP values. The
image scale bar is reported in A, together with the direction of the excitation polarization.

(Parasassi et al., 1993b), the domains' linear dimensions
were estimated to range between 2 nm and 5 nm, well below
the resolution of the two-photon microscope (about 200 nm
in the axial plane).

Cholesterol induces heterogeneity in the
gel phase

The morphological and dynamic modifications induced by
cholesterol on the pure and mixed phospholipid phases, as
observed with the two-photon microscope, are quite impres-
sive. Previous studies reported a strong modification of
phospholipid phase properties in the presence of cholesterol
(Ipsen et al., 1987, 1989; Vist and Davis, 1990; Mouritsen,
1991). Depending on their relative concentrations and on
temperature, the phase properties of vesicles composed of
binary mixtures of cholesterol and phospholipids have been
described by the solid-ordered, liquid-disordered, and liq-
uid-ordered phases. These phases account for the increase in
translational and rotational motions of the phospholipids in

the gel phase in the presence of cholesterol, and for their
decrease in the liquid-crystalline phase (Mouritsen, 1991).
In a few words, cholesterol renders the gel phase more fluid
and the liquid-crystalline phase more solid. From our po-
larized microscopic images we can see that in DPPC vesi-
cles, the presence of 30 mol% cholesterol does not induce
an average disordering effect. The main component of the
GP histogram (Fig. 8 B) moves to higher GP values, indi-
cating that the bilayer is more ordered and that less water is
present. Instead, we observe a smaller component in the GP
distribution at low GP. However, the pixels corresponding
to the lower values of the distribution are uniformly distrib-
uted in these vesicles (Fig. 9 B), maybe with a tendency to
align along circles. According to our model interpretation,
the GP domains corresponding to this part of the distribu-
tion must have dimensions similar to or larger than the pixel
size. In this respect, the higher translational motion reported
for the liquid-ordered phase can be due to this population of
more fluid areas in the gel phase when cholesterol is
present.
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FIGURE 14 GP images of the plasma membrane ofOK cells, isolated from Fig. 13 A. (A) The full image; (B) the low GP values; (C) the high GP values;
(D) the GP value distribution. All colors follow the reported scale.

Cholesterol homogenizes the phases

The effect of the addition of 30 mol% cholesterol to the
equimolar mixture of DOPC and DPPC on the emission
(Fig. 2 A) and on the GP spectra (Fig. 2 B) is similar to that
already reported for the equimolar mixture of DLPC and
DPPC (Parasassi et al., 1994). In comparison with the same

sample without cholesterol, the emission spectrum is blue
shifted, and the wavelength dependence of the excitation GP
spectrum has a negative slope. As discussed above, the
characteristic behavior of the GP as a function of excitation
wavelength has been used to discriminate between bilayers
composed of coexisting domains of different phases and of
homogeneous intermediate phase properties (Parasassi et al.,
1993b). By adding cholesterol to phospholipid vesicles com-

posed of equimolar concentrations of the two phases, the
positive slope observed in the presence of coexisting domains
was reported to progressively decrease, so that at cholesterol
concentrations above 10-15 mol%, the excitation GP spectra
show the wavelength dependence typical of a homogeneous
liquid-crystalline phase (negative slope), although the absolute
GP values are higher (Parasassi et al., 1994).
The microscopic GP images of the DOPC-DPPC vesicles

with 30 mol% support this picture. The vesicles appear to be

strongly polarized, with a relatively broad GP distribution
(Fig. 8 C). The section of the vesicles in Fig. 10 is relatively
close to the supporting quartz slide, so that the center of the
section of the vesicle corresponds to regions in which laur-
dan molecules are aligned perpendicular to the excitation
polarization direction. This part of the image (the center of
the section) displays a relatively low GP, indicating that also
in this sample it is possible to preferentially excite mole-
cules with lower GP. It is noteworthy that the image ob-
tained with nonpolarized excitation (but the light is always
polarized in a plane perpendicular to the direction of light
propagation) still shows a region of low GP at the center of
the vesicle section, because in this section the plane of light
polarization is perpendicular to the laurdan transition dipole
moment. There is still an apparent large GP distribution, as
judged by the GP histogram (Fig. 8 D).

In RBCs, GP domains are comparable to the
microscope resolution

RBC images display only a section of the cell membrane.
We deduce from the characteristic polarization pattern that
laurdan molecules have their transition dipole moment
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FIGURE 15 GP images (A, B, D and E) and histograms (C and F) of purified rat renal brush border (A, B, and C) and basolateral membranes (D, E, and
F) labeled with laurdan at room temperature (-20°C). The colors indicate different GP values following the reported scales. The image scale bar is reported
in A, together with the direction of the excitation polarization. In B and E only low GP values are drawn, using the colors indicated in the corresponding
scales. Polarized excitation light has been used; the direction of polarization is -100 with respect to the horizontal.

pointing toward the center of the cell, in accord with the
vesicle studies. The GP distribution is relatively broad. If
we plot pixels with relatively high GP (>0.5), they appear
in the equatorial part of the membrane (Fig. 12 C). If we
plot pixels with relatively low GP (<0.3) instead, they
appear to be equally distributed along the membrane (Fig.
12 B). Following our model interpretation, this cell mem-
brane should have domains of sizes comparable to the
microscope resolution.

In OK cells, GP domains are smaller than the
microscope resolution

For the images ofOK cells, the pattern is not as clear as with
the RBCs. The high GP regions are mainly in the equatorial
plane. However, the low GP image (Fig. 13 B), which
appears to be uniformly populated all over the cell section
and along the plasma membrane, is more difficult to inter-
pret. There is a large contribution from laurdan in internal

membranes, and it is difficult to assign pixels of low GP to
the external membrane only. Therefore we masked the cell
interior to better visualize the regions of the plasma mem-
brane only. Fig. 14, B and C, shows the low and high GP
images of the masked cells. These images clearly display
the characteristic distribution due to the polarized excitation
light, and the high and low GP regions are almost com-

pletely disjoined. According to our model interpretation for
this external membrane, the size of the GP domains is
smaller than the microscope resolution.

In BBM and BLM membranes, apparent GP
domains are relatively large

BBM and BLM membranes are known to possess a differ-
ent lipid composition, including cholesterol content, that
leads to different average GP values, higher in the BBM
membranes and lower in the BLM membranes. The two-
photon excitation GP images of these membranes agree
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FIGURE 16 Schematic representation of excitation photoselection and GP spatial distribution. i) Excitation photoselection. In the upper part, two
different excitation geometries cause the same photoselection effect. (A) No excitation is obtained, because the direction of the transition dipole moment
of the laurdan molecule is perpendicular to the excitation polarization. (B) There is weak excitation of those molecules that have a projection of the transition
dipole moment along the membrane surface. (C) As we travel along the circumference of the membrane, the direction of the transition dipole moment
changes from the polar regions, where there is no excitation, to the equatorial regions, where strong excitation occurs. ii) GP spatial distribution. This panel
only shows the GP patter expected in the liquid crystalline phase. The patterns are obtained by using the photoselection rules and the presumed correlation
between the size of the vesicle cavity and the GP value.

with these previous findings (Levi et al., 1987, 1989, 1990).
Average higher GP values can be observed in the BBM
images. Nevertheless, the images from these samples also
show a complex texture of small domains with different GP
values, and the GP histograms show a relatively broad
distribution. Because of the poor local orientation of these
membrane preparations, the polarization effect is not evi-
dent. Nevertheless, when these images are sectioned for
selected windows of low or high GP values, we observe
structures (for example, the membrane borders in Fig. 15)
clearly indicating that the GP values reflect spatially distinct
domains. The lower GP values of these border areas can be
explained by the more fragile, fluid, membrane breaking
points. We must be cautious in interpreting the GP images
of these membrane preparations. Our interpretation model is
based on an assumption about the orientation of the mem-
branes. Whereas this assumption may be valid for multila-
mellar vesicles, the actual structure of our BLM and BBM
membrane preparation is unknown. A change in local ori-

entation may result in a change in the apparent GP value,
only because different orientations select different environ-
ments. Whatever the interpretation, there must be an intrin-
sic GP heterogeneity, either at the submicroscopic level (in
this case the regions of different GP may simply correspond
to regions of different lipid orientation) or in regions resolv-
able by the microscope (in which case the GP domains
shown in the image correspond to real "fluidity" domains).
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