
Abstract 6-Lauroyl-2-dimethylaminonaphtalene (laur-
dan) shows a spectral sensitivity to the lipid phase state
with a 50 nm red shift of the emission maximum when pass-
ing from the gel to the liquid crystalline phase. This spec-
tral sensitivity allows one to determine the membrane
physical state using Generalized Polarization (GP). In the
present experiments, we used fluorescence ratio imaging
microscopy to determine the laurdan GP in living kidney
cells. Two renal epithelial cells lines, MDCK and LLC-
PK1 cells, and CV-1 cells, a fibroblast-like renal cell line
were investigated. In these cells, laurdan labels both the
plasma membrane and intracellular membranes. Compar-
ison of spectrofluorimetry and fluorescence ratio imaging
data obtained from liposomes and cells suspensions labeled
with laurdan demonstrates that the GP can be accurately
determined using common fluorescence microscopy
equipment. The GP mean values determined from individ-
ual cells varied from 0.2 to 0.4 for the epithelial cells as
compared to 0.0 – 0.1 for CV1 cells. Using living MDCK
cells grown as a monolayer, the GP maps indicated that,
within a single cell, the intracellular GP values varied from
0.0 to 0.6, i. e., from the equivalent of a liquid-crystalline
state to a gel or a lipid-ordered state, and that there was a
marked heterogeneity in the spatial distribution of the GP
values. To further characterize this intracellular heteroge-
neity, co-localization experiments with specific organelle
markers were undertaken. The results strongly suggest that
in intact cells at physiological temperature, GP values de-
crease in the following order: plasma membranes > endo-
somes > mitochondria > Golgi apparatus.

Key words Living MDCK cells · Laurdan · Generalized
polarization · Endosomes · Golgi · Mitochondria

Abbreviations FRIM Fluorescence ratio imaging mi-
croscopy · C6-NBD-Cer N-[7-(4-nitrobenzo-2-oxa-1,3-di-
azole)]-6-aminohexanoyl-D-erythro-sphingosine · Laur-
dan 6-dodecanoyl-2-dimethylaminonaphtalene · TMA-
DPH 1-4[-(trimethylamino)phenyl]-6-phenylhexa-1,3,5-
triene · DMPC Dimyristoylphosphatidylcholine

Introduction

Although the mechanism(s) involved are still not clearly
established, membrane lipids modulate the activity of nu-
merous membrane proteins (for reviews see Shinitzky
1984; Gordon and Mobley 1985; Le Grimellec et al. 1992;
Mouritsen and Bloom 1993; Yeagle 1993). Most of the
studies have focused on lipid-protein interactions in the
plasma membrane of cells and both the composition and
the physical state of membrane lipids were shown to be in-
volved in the control of protein activities. Similar conclu-
sions were reached from the few studies devoted to lipid-
protein interactions in isolated intracellular membranes.
The use of probes such as 1-4[-(trimethylamino)phenyl]-
6-phenylhexa-1,3,5-triene (TMA-DPH; Prendergast et al.
1981) that remain localized in the plasma membrane of nu-
merous cell types (Khury et al. 1985; Le Grimellec et al.
1988; Storch et al. 1989) allowed the investigation, in situ,
of the membrane physical state of living cells and its 
variation in physiological and pathological conditions
(Sheridan et al. 1988; Fiorini et al. 1990; Giocondi et al.
1990; Illinger et al. 1990). Except for recent work where
TMA-DPH internalization was used to follow the physi-
cal state of endosomes in cells (Illinger and Khury 1994),
equivalent studies on intracellular membranes are still
lacking. Such in situ studies would present multiple inter-
ests: a) purification steps with the possibility of cross-con-
tamination between the different types of intracellular
membranes and of alterations in membrane physical state
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are avoided; b) variations in the physical state of a defined
organelle upon a physiological event, for instance a hor-
monal stimulation, can be followed; c) membrane changes
during intracellular trafficking can be estimated. This last
point is of particular interest because it has been proposed
that lipid phase separations are involved in the sorting of
membrane proteins in epithelial cells (Simons and van
Meer 1988).

Laurdan (6-Lauroyl-2-dimethylamino-naphtalene) is a
fluorescent probe that has a much higher quantum yield 
in membranes that in aqueous solutions and which shows
a spectral sensitivity to the lipid phase state with a 50 nm
red shift of the emission maximum when passing from the
gel to the liquid crystalline phase (Parasassi et al. 1990,
1991). This property allows one to determine the physical
state of membranes using Generalized Polarization, GP
(Parasassi et al. 1990). Laurdan was used to estimate the
physical state of isolated renal brush border membranes
(Levi et al. 1993) and of the membrane(s) of various liv-
ing cells in suspension (Parasassi et al. 1992, 1993). In fact,
the spectroscopic properties of laurdan report on the local
water content in membranes (Parasassi and Gratton 1995)
which is markedly dependent on their physical state. Re-
cently, Yu et al. (1996) have determined the laurdan GP in
intact mouse fibroblasts. They reported that laurdan labels
not only the plasma membrane, but also the intracellular
membranes. They observed high GP values for the plasma
membrane and low GP values at the level of the nuclear
membrane. The equipment used for their experiments was
a two-photon scanning microscope, based on a Ti-sapphire
laser pumped by an Ar laser. Such equipment is rather ex-
pensive and few laboratories can afford it. On the other
hand, numerous laboratories are equipped for fluorescence
ratio imaging microscopy (FRIM), a technique which has
many applications in cell biology (Bright et al. 1989; Dunn
et al. 1994). We therefore used FRIM on renal cells in cul-
ture labeled with laurdan to determine the physical state of
their intracellular membranes. Co-localization experi-
ments with DIOC(6), a marker of mitochondria (Terasaki
1989; Bergeron et al. 1994), NBD-ceramide or BODIPY
TR ceramide, two markers of the Golgi apparatus (Lipsky
and Pagano 1985; Pagano et al. 1991), and rhodamine la-
beled bovine serum albumin as a marker for endosomes,
were used to establish the identity of the intracellular mem-
branes probed.

Materials and methods

Materials

Plasticware was purchased from Costar (Dutscher, France).
Glass coverslips were obtained from Polylabo (France).
Culture media were from Gibco BRL (France). Hormones,
growth factors, and BSA-Rhodamine were from Sigma.
The other fluorescent probes were purchased from Molec-
ular Probes (Eugene, OR). All other reagents were of an-
alytical grade.

Cell culture

The two renal epithelial cell lines, MDCK and LLC-PK1,
were grown to confluence (4 – 5 days) on 28 mm diameter
glass coverslips in Petri dishes, in a mixture of serum-free
fully defined medium (SFFD) made of 1 : 1 (v/v) Dulbecco’s
modified Eagle’s medium (DMEM) and Ham’s F-12 as pre-
viously described (Giocondi et al. 1995). For CV-1 cells, a
kidney fibroblastic-like cell line, the growth medium con-
sisted of DMEM supplemented with glucose (50 mM), 
L-glutamine (2 mM), 100 U/ml penicillin, 100 µg/ml strep-
tomycin and 10% fetal calf serum. All cell lines were grown
at 37 °C in a 5% CO2 – 95% air atmosphere.

Cell labeling

Laurdan labeling. Cells on glass coverslips were incu-
bated for 60 min at 37 °C, in the dark, with 2 µM laurdan
added to SFFD from a 2 mM stock solution in dimethyl
formamide. The laurdan stock solution was renewed
every 3 – 4 weeks. Cells were then washed 4 times with
phosphate saline buffer (PBS, pH 7.4) pre-equilibrated at
37 °C and placed in a thermostatted chamber (Medical
Systems, Corp., Greenvale, NY) in SFFD-PBS mixture
(1 : 1 v/v), under the microscope. Suspensions of MDCK
cells were prepared, without the use of trypsin, as previ-
ously described (Le Grimellec et al. 1988), and labeled
with 0.5 – 2 µM laurdan as reported by Parasassi et al.
(1992). Multilamellar liposomes were prepared by mix-
ing the appropriate amount of lipids (dimyristoylphos-
phatidylcholine with or without cholesterol) dissolved in
chloroform/methanol (1 : 1 v/v) with laurdan (laurdan/-
lipid ratio = 0.5%), then evaporating the solvent under 
nitrogen flow. The dried samples were resuspended 
by vortexing in water at 37 °C in the presence of glass
beads.

Co-localization experiments 

Labeling of endosomes. BSA-rhodamine and laurdan were
added simultaneously to the medium at a final concentra-
tion of 13 µg/ml and 2 µM, respectively. Cells were incu-
bated for 60 min, in the dark, at 37 °C, washed, and exam-
ined at 37 °C under the microscope.

Labeling of mitochondria and of the Golgi apparatus:
A field of cells labeled with laurdan was selected and the
images corresponding to laurdan fluorescence at 440 nm
and 490 nm were recorded. The same field was imaged fol-
lowing 30 sec – 2 min labeling with 1.1 µg/ml DIOC6 (3), 
a marker of both mitochondria and endoplasmic reticulum
(Terasaki 1989; Bergeron et al. 1994). The size of mito-
chondria unambiguously distinguished them from the 
endoplasmic reticulum. For the labeling of the Golgi ap-
paratus, we either used the same protocol, replacing 
DIOC6 (3) by C6-NBD-Ceramide (5 µg/ml) or the probe
was added simultaneously with laurdan (BODIPY TR 
ceramide).
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Fluorescence ratio imaging microscopy

Fluorescence ratio imaging microscopy (Bright et al. 1989;
Dunn et al. 1994) was performed using an inverted epiflu-
orescence microscope (IMT-2 with IMT2-RFL, Tokyo, 
Japan) equipped with a DApo 100× UV PL (1.3 N. A.) 
objective. Excitation light was supplied from 200 W mer-
cury-xenon lamp (Oriel Corp., C. T.). Two filterwheels, the
first equipped with neutral density filters, the second with
a choice of 10 nm bandpass filters, and an electronic shut-
ter (Vincent Assoc., Rochester, NY) were placed in the 
excitation light path. A manual sliding mount equipped
with bandpass filters was placed in the emission path. The
emission fluorescence was imaged by a Newvicon camera
(sensitivity 10–6 Lux, LHESA, France) coupled with an 
Argus-10 (Hamamatsu, Japan) for image accumulation and
acquisition and a BIOCOM 500 station (BIOCOM, France)
for image analysis. Using a neutral density filter which cuts
out 50% of the excitation intensity, the signal emitted by
cells labeled with laurdan and illuminated continuously
was stable over the first 15 sec at 440 and 490 nm. The
time required for the acquisition of the pair of 440 and
490 nm images was 7 sec. For laurdan, the excitation
wavelength was 360 nm (10 nm bandpass filter, Oriel
Corp.). The 400 nm dichroic mirror with 420 nm barrier
filter was from Olympus. The two 20 nm bandpass filters
440 DF20 and 490 DF20 for laurdan emission were pur-
chased from Omega Optical, Brattleboro, VT). For co-lo-
calization experiments, the rhodamine filter cube combi-
nation from Olympus was used for endocytic vesicles. For
DIOC6 (3), the excitation light was filtered by a 485 nm,
10 nm bandpass, filter (dichroic mirror 510 nm), whereas
NBD-labeled specimens were excited by irradiation at
450 nm (50 nm bandpass) and the fluorescence was ob-
served at 520 – 560 nm. Photomicrographs of laurdan dis-
tribution in cells were obtained using Tri-X film (Kodak),
without the neutral density filter and with a broadband
emission filter (peak 480 nm, 60 nm bandpass). Images
from the workstation were obtained using a videoprinter
(SONY UP-811, Japan). The calculated (Lansing Taylor
and Salmon 1989) depth of the field of the 1.3 NA objec-
tive (oil immersion n = 1.5) was 0.24 µm. However, this
narrow depth of field did not exclude out of focus fluores-
cence of emitters present in the volume illuminated by the
illumination cone. To determine the apparent depth of the
fluorescent field 1.11 and 3.46 µm fluorescent beads (flu-
oresbrite carboxylate microspheres, Polysciences Inc.,
Warrington, PA) were used. From the ratio (I/I0) of the flu-
orescence intensity of the larger bead at the level of best
focus for the smaller bead (I) to the fluorescence intensity
at its own best focus (I0), the estimated apparent depth of
the fluorescent field, using I/I0 = [sin (u/4)/(u/4)]2 where
u/4 = (πzNA2)/2λ (Young 1989), was ~0.8 µm, i. e., fluo-
rescent emitters localized up to 0.8 µm above and below
the focal plane contributed to the fluorescence intensity
collected.

Image processing

The generalized polarization GP was calculated using
GP = (I440 – I490)/(I440+I490), (excitation GP) where I440
and I490 are the fluorescence intensities measured at the
emission maxima of laurdan that are characterized by the
gel and the liquid-crystalline phases, respectively (Para-
sassi et al. 1990, 1991).

Before each experiment, the coverslips supporting un-
labeled cells were examined under the microscope to de-
termine the intensity of autofluorescence. This autofluo-
rescence essentially arises from nicotinamide adenine di-
nucleotide (NADH), riboflavin and flavin coenzymes, and
varies according to the cell line and the growth conditions
(Aubin 1979; Williams et al. 1994). With the concentra-
tion of laurdan used (2 µM), the influence of autofluores-
cence on the GP values is generally very limited (Yu et al.
1996). However, because both the autofluorescence level
and the efficiency of labeling by laurdan varied from one
experiment to another, in each experiment the gain of the
intensifier of the camera was adjusted to supress the auto-
fluorescence image before laurdan addition. This allowed
us to ensure that autofluorescence did not significantly con-
tribute to the fluorescence intensities determined after the
probe addition. Dark counts of the imaging system at
440 nm and 490 nm were determined and substracted from
the corresponding intensities obtained following labeling
with laurdan.

Spectrofluorimetry

The GP of cell suspensions and liposomes labeled with
laurdan was calculated from emission spectra obtained on
a SLM 4800 S spectrofluorimeter (SLM, Urbana, ILL).

Results

Determination of laurdan generalized polarization 
by FRIM

The GP of multilamellar liposomes of DMPC labeled with
laurdan was determined in parallel by using a spectroflu-
orimeter and by fluorescence ratio imaging microscopy
(FRIM). As shown by Fig. 1, determinations of GP, on the
same liposome preparation, gave similar values by FRIM
and by classical spectrofluorimetry. In accordance with
previous work (Parasassi et al. 1994), the excitation GP
value in the gel state was high, about 0.6, and dropped to-
wards negative values for temperatures above the gel to
liquid crystal phase transition (Tc~24 °C). FRIM measure-
ments also confirmed (Parasassi et al. 1994) that choleste-
rol (33 mol/%) slightly increased the GP values at low tem-
perature and blunted the gel to liquid crystal transition,
leading to a liquid ordered state of high GP value for the
range of temperature studied (Fig. 1, inset). Comparison
of the GP values determined by spectrofluorimetry and by
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FRIM was then performed using suspensions of living
MDCK cells. The cells were incubated for various times
with the probe, in the fluorimeter cuvette, in PBS supple-
mented with glutamine (Le Grimellec et al. 1988). As
shown by Fig. 2, in accordance with the data of Parasassi
et al. (1992), the GP values significantly increased during
the first 60 min of incubation, then plateaued. These GP
values were found to be independent of the concentration
of laurdan added, in the 0.5 – 2 µM range, which argues
against probe-probe interactions even at the highest con-
centration used. The mean value determined at equilibrium
by spectrofluorimetry was GP = 0.32±0.02. This value was
similar to that obtained, on the same preparation of cells,
by FRIM, 0.29±0.04 (n = 19 cells) which confirmed the va-
lidity of the microscopic technique for GP determinations.
The images of laurdan fluorescence, however, revealed
that laurdan not only labeled the plasma membrane but also
intracellular membranes: when using a well established
plasma membrane marker, like TMA-DPH, only the pe-
riphery of cells is labeled, giving characteristic images
(Fig. 3 B, see also Le Grimellec et al. Fig. 3, 1988). In con-
trast, labeling with laurdan was diffuse and heterogeneous
(Fig. 3 A), which indicated that a large part of laurdan was
localized intracellularly. Accordingly, the GP values de-
termined from intact cells contain contributions from both
the plasma membrane and the various intracellular mem-
branes.

Distribution of laurdan in attached living cells

MDCK cells grown as a confluent monolayer on glass
coverslips and labeled with 0.5 – 2 µM laurdan by incuba-
tion in the growth medium during 60 min at 37 °C were
then examined. These 4 – 5 days cultures show zones of
large and flat cells which were selected for imaging. As
shown by Fig. 4, an intense labeling of intracellular struc-
tures by laurdan was observed which again strongly dif-
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Fig. 1 Determination of laurdan GP in multilamellar liposomes of
DMPC by fluorescence ratio imaging microscopy. The generalized
polarisation of multilamellar liposomes of dimyristoyl-phosphati-
dylcholine labeled with laurdan (laurdan/DMPC ratio = 0.5%,
mol/mol) was determined as a function of temperature, on the same
preparation, either by FRIM (o) or by spectrofluorimetry (Ý). Inset:
GP of Cholesterol/DMPC liposomes (33 mol% cholesterol) labeled
with laurdan as determined by FRIM

Fig. 2 Time-dependence of GP in MDCK cell suspensions. Cells
were suspended (2×105 cells/ml) in phosphate-buffered saline con-
taining 2 mM L-glutamine, pH 7.4. Labeling was achieved by add-
ing, at 37 °C, under gentle stirring, laurdan (0.5 – 2 µM, final concen-
tration) into the fluorimeter cuvette. Cell GP was determined at 37 °C,
after blank subtraction

Fig. 3 A, B Localization of
laurdan in MDCK cell suspen-
sions. A Cells labeled for
60 min at 37 °C with 0.5 µM

laurdan. For comparison,
MDCK cells labeled with
0.5 µM TMA-DPH are present-
ed in B. Bar, 25 µm

A B



fered from the images obtained with TMA-DPH on the
same cells (see Fig. 8, Le Grimellec et al. 1988). Except
for the presence of very bright dots corresponding to an
accumulation of the probe in structures which, from their
appearance in phase-contrast microscopy likely corre-
sponded to intracellular lipid droplets, and that were fre-
quently observed in cell cultures, the fluorescence inten-
sity of intracellular membranes was rather homogeneous.

By comparison, the plasma membrane appeared only
slightly labeled. Examination under the microscope of the
time course of the labeling revealed that, as soon as it be-
came detectable, i. e., about 5 min after the fluorophore ad-
dition, the fluorescence distribution in MDCK cell mono-
layers was comparable to that observed after 60 min incu-
bations. This strongly suggested that the labeling of intra-
cellular membranes was not due to the internalization of
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Fig. 4 Localization of laurdan
in MDCK cell monolayers.
Coverslips of confluent mono-
layers of cells were incubated
with 2 µM laurdan, at 37 °C, for
60 min. Micrograph was taken
with 400 ASA Kodak Tri-X
Pan film. Bar, 25 µm

Fig. 5 Localization of laurdan
in CV-1 cells. Coverslips of
non-confluent monolayers of
cells were labeled with 2 µM

laurdan for 60 min, at 37 °C.
Micrographs were taken with
400 ASA Kodak Tri-X Pan
film. Note that in this cell line
laurdan seems to concentrate
strongly in a perinuclear zone
(Golgi apparatus?). Both plas-
ma membrane and intracellular
structures are labeled. Left: low
magnification image. Bar,
50 µm. Right: details of one
cell showing aligned structures



laurdan via endocytic processes. Moreover, preincubation
of cells for 30 min at 37 °C in a medium made hyperos-
motic (550 mOsm/L) by sucrose addition, a situation
which practically totally inhibits endocytosis (Giocondi
et al. 1995), had no effect on the distribution of laurdan in
MDCK cells. Two other renal epithelial cell lines, the OK
cells and the LLC-PK1 cells, gave similar images (not
shown). Because they grow as still larger and flatter cells,
both plasma membrane and intracellular membrane label-
ing was even better demonstrated using CV-1 cells, a fi-
broblast-like cell line originating from the kidney (Fig. 5).

Values of cellular laurdan GP

GPcell mean values, at 37 °C, for 4 day cultures of living
MDCK cells, MDCK cell clone 34, LLC-PK1 cells, and
CV-1 cells attached to glass coverslips were, at equilib-
rium, 0.38±0.01, 0.22±0.01, 0.33±0.03 and 0.06±0.01, re-
spectively. This confirmed the large heterogeneity of the

membrane physical state, and likely, lipid composition,
between different cell types, which was previously re-
ported by using DPH, a probe which also labels intracel-
lular membranes (Grunberger et al. 1982). Even for a sin-
gle cell type, the individual GP values determined from the
cells contained within a single microscope field of one
monolayer often varied significantly (±20%). This might
correspond to cells in different phase cycles (Shinitzky
1984). This also might correspond to cells in a different
metabolic state: inhibition of cell metabolism by 10 mM

deoxyglucose and exposure to N2 resulted in a significant
increase in GPcell (from 0.28±0.01 to 0.41±0.01, P<0.05,
MDCKcl.34 cells). Besides this intercellular heterogeneity,
GP determinations by FRIM allowed us to estimate, in liv-
ing cells, the physical state of membranes at the subcellu-
lar level. Figure 6 represents the digitized images of a
monolayer of MDCK cells labeled by laurdan with the
emission at 440 nm (A) and at 490 nm (B), and the corre-
sponding GP (C). The GP map indicated that, within in a
single cell, the intracellular GP values varied from 0.0 to
0.6, i. e., from the equivalent of a liquid-crystalline state to
a gel or a lipid-ordered state, and that there was a marked
heterogeneity in the spatial distribution of the GP values.
The bright-dots likely corresponding to “lipid droplets”,
when present, had very high GP values, generally between
0.5 and 0.6, indicative of their local low water content. In
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Fig. 6 A–D Fluorescence ratio imaging of laurdan in MDCK cells
and labeling with BSA-Rhodamine. A Fluorescence imaging at
440 nm; B Fluorescence imaging at 490 nm; C Corresponding GP;
D Image of endosomes labeled with BSA-Rhodamine. Bar, 10 µm

A B

C D



spite of their characteristic high GP values, these structures
which clearly appear in the images acquired at 440 nm
could not be identified from the GP maps only (Fig. 6 C).

GP values of specific organelles

Accordingly, co-localization experiments with recognized
markers of intracellular organelles were performed in or-
der to identify their corresponding membrane physical
state in situ, at 37 °C. These experiments were performed
on attached MDCK cells, grown to confluence. For mito-
chondria, the 440 and 490 nm emission images of cells la-
beled with laurdan were recorded just before the addition
of DIOC(6). The same field was then imaged with the ap-
propriate filter combination and the GP corresponding to
the localization of mitochondria determined. Figure 7 pro-
vides an example of this type of experiment. Small areas
(10 – 20 pixels) in the center of the structures were used for
GP determinations in order to limit the effects of possible
mitochondrial movements between the image acquisitions.
BODIPY TR ceramide (60 min incubation in the presence
of laurdan) and BSA-Rhodamine (60 min incubation in the
presence of laurdan) were used to identify the Golgi appa-
ratus (Fig. 8) and the endosomes (Fig. 6), respectively.
Some experiments were also performed using NBD-cera-
mide, using a protocol identical to that followed for
DIOC(6). For BODIPY-ceramide and BSA-rhodamine, the
position of corresponding organelles was checked before
and after the acquisition of laurdan images. Only those
structures that had not moved significantly were analysed.
To standardize the data, results have been expressed as the
ratio of the GPorg determined for the selected organelle to
the total GPcell of the corresponding cells. For the cell

monolayers assayed, the mitochondrial mean GP value was
equal to the cellular GP (GPmito./GPcell = 0.99±0.01,
n = 238). In contrast, the GP values of the Golgi apparatus
were significantly lower than the corresponding cellular
GP (GPGol./GPcell = 0.83±0.02, n = 89). The values ob-
tained from NBD-ceramide experiments were similar to
those obtained when using BODIPY TR ceramide. The GP
ratio of endosomes to total cell body was significantly
higher than unity (GP end./GP cell = 1.16±0.02, n = 95). In
these experiments, the absence of a significant correlation
between the fluorescence intensities of laurdan and BSA-
Rhodamine further reinforced the view that endocytosis
was not responsible for the labeling of intracellular struc-
tures by the lipidic probe. As shown by Fig. 9, endosomes
localized near the plasma membrane were found to have a
higher GP (GP = 0.44±0.02, n = 34) than those localized
near the cell nucleus (GP = 0.24±0.02; n = 34). In this se-
ries of experiments the GPcell was 0.31±0.04. Finally, the
generalized polarization of the plasma membrane (PM)
was significantly higher than the GPcell, GPPM/GPcell =
1.52±0.05, (n = 11, MDCKcl.34 cells).

Discussion

The present experiments strongly suggest that fluorescence
ratio imaging microscopy using laurdan as a probe pro-
vides access to the in situ determination of the physical
state of intracellular membranes of living cells. Maps of
the laurdan generalized polarization at the scale of a sin-
gle cell, coupled with co-localization experiments, dem-
onstrate the marked heterogeneity of the intracellular
membrane physical state in living cells. The experiments
further suggest that, at 37 °C, the GP values decreased in
the following order, plasma membrane > endosomes > mi-
tochondria > Golgi apparatus. The possibility of estimat-
ing the physical state of membranes in situ, under physio-
logical conditions, by FRIM using laurdan as a probe pro-
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Fig. 7 A – C Determination of GP in mitochondria. A Labeling of
mitochondria with DIOC(6). B and C Corresponding images of laur-
dan at 440 nm and 490 nm, respectively. Bar, 25 µm

A B C



vides a promising tool for elucidating the relationships
between membrane physico-chemical properties and cell
biology.

Previous studies from Parasassi et al. have established
on model systems that the generalized polarization of laur-
dan is a potent probe of membrane physical state (Para-
sassi et al. 1990, 1991, 1992). Owing to the marked sensi-
tivity of laurdan to the polarity and to the molecular dy-
namics of dipoles in its environment, a 50 nm red shift of
the emission maximum is obtained when lipids pass from
the gel to liquid-crystalline phase. In fact, the emission
shift reflects the local modification in the water content

that is associated with the change in membrane physical
state (Parasassi and Gratton 1995). This potentially makes
laurdan a very suitable tool for ratio imaging fluorescence
microscopy, a powerful technique that has been applied to
the study of the regulation of intracellular ions at the level
of a single cell as well as at the subcellular level (for re-
views, see Bright et al. 1989; Dunn et al. 1994). In the
present experiments, the GP values obtained by spectro-
fluorimetry and by FRIM, as a function of the temperature,
for dimyristoylphosphatidylcholine liposomes labeled
with laurdan were similar, indicating that GP can be accu-
rately determined by FRIM. This was confirmed using liv-
ing MDCK cells in suspension where the mean cell GP
value determined by FRIM was also similar, despite a sig-
nificant dispersion of individual cell values, to that ob-
tained, from the same suspension, by spectrofluorimetry.
In accordance with spectrofluorimetry data on various cell
suspensions (Parasassi et al. 1992, 1993; Liu et al. 1995),
the mean GP values, obtained at 37 °C by FRIM, of at-
tached cells were found to vary significantly as a function
of the cell type, for instance from values close to zero for
CV-1 cells to values around 0.4 for MDCK cells. Large dif-
ferences in the membrane physical state of living cells ac-
cording to the cell type, the age of the cells, the stage of
the cell cycle were reported by investigators who used DPH
as a probe (for a review see Shinitzky 1984). For a given
cell type, the scattering of GP values of individual cells
under the same microscope field might be explained by
such differences in their stage of the cycle. In addition, dif-
ferences in the metabolic state of the cells might also con-
tribute to the GP intercellular heterogeneity as suggested
by the change in GP induced by metabolic inhibition.

It is now well established that the DPH anisotropy val-
ues thus obtained corresponded not only to the plasma
membrane but also to intracellular membranes (Grunber-
ger et al. 1982). The same situation was found for laurdan
that not only labeled the plasma membrane but also intra-
cellular membranes of the various kidney cells. This intra-
cellular labelling was made particularly clear by compar-

348

Fig. 8A–C Determination of GP in the Golgi apparatus. A Label-
ing of Golgi apparatus with NBD-Cer. B and C Corresponding im-
ages of laurdan at 440 nm and 490 nm, respectively. Bar, 25 µm

Fig. 9 Difference in GP between perinuclear and peripheral endo-
somes. The GP of BSA-Rhodamine labeled structures close to the
nucleus (End. P. N.) or close to the plasma membrane (End. P. M.)
was determined from three different experiments on different cell
batches

A B C



ing the images obtained with laurdan to those obtained
when using TMA-DPH, a recognized marker of the plasma
membrane of MDCK cells and of numerous other cell lines.
Intracellular labeling of comparable distribution but of
lower intensity was detected a few minutes after the probe
addition. This suggested that laurdan did not enter the cells
via endocytic processes, which would have resulted in a
selective labeling of intracellular organelles. This hypoth-
esis was confirmed using the inhibition of endocytosis by
a hyperosmotic sucrose medium (Giocondi et al. 1995),
which did not modify the labeling pattern. Labeling of kid-
ney cell intracellular membranes by laurdan agrees with
the data of Yu et al. (1996) obtained in mouse fibroblast
cells. Thus, it is likely that laurdan permeates through the
plasma membrane and diffuses into the intracellular mem-
branes as do many other uncharged lipids or lipidic probes,
such as diphenylhexatriene.

Accordingly, for laurdan, the GP values determined 
on intact cells, rather than the GP value of the plasma 
membrane, correspond to GPcell = αpmGPpm+ΣαiGPi were
αpm and GPpm represent the fraction of laurdan present in
the plasma membrane and its corresponding GP, and 
Σ αiGPi is the contribution of the various intracellular
membranes.

The cellular GP maps were highly heterogeneous, with
local GP values close to those obtained in a liquid-crystal-
line phase whereas others were typical of the gel or liquid-
ordered state. However, as shown for the “lipidic droplets”,
the different intracellular organelles could not be identi-
fied from a characteristic GP value only. In other words,
setting a laurdan GP value did not allow us to define the
contour of a well defined organelle because the GP values
varied within a single organelle. Although membrane 
microheterogeneity might be involved in these variations,
a more likely explanation comes from the fact that the 
GP determined for an organelle localized in the focal 
plane contains contributions from laurdan molecules em-
bedded in other intracellular membranes located above and
below the organelle. Thus, as for the Gpcell, the GPorg we
determined corresponded to Gporg = αorg Gporg+ΣαiGPi
were αorg and GPorg represent the fraction of laurdan
present in the chosen organelle and its corresponding GP,
and ΣαiGPi is the contribution of the various other intra-
cellular membranes in the volume of fluorescence emis-
sion. Accordingly absolute quantitative assessment of
GPorg is actually out of reach of the technique and local
variations in the type and the abundance of intracellular
membranes located around the organelle chosen will influ-
ence the GP value determined at different positions of the
organelle. Still, to be representative or to give a reasonable
estimate of the specific GP of an organelle requires that
αorg GPorg oΣαiGPi. The observation that co-localization
experiments with established markers of intracellular or-
ganelles gave GP mean values characteristic for each type
of organelle strongly suggests this was the case. For the
“lipidic droplets” for instance, the GP values measured
between 0.5 and 0.6 were close to the maximum value we
obtained for DMPC in the gel phase. An important contri-
bution of intracellular membranes would have signifi-

cantly lowered these values. An explanation, at least par-
tial, for the limited influence of the other intracellular
membranes on the GP of chosen organelles might be in the
limited height of the cells. Except for the nucleus region,
the large MDCK cells we observed, which likely corre-
spond to the MDCK-1 cell subtype, are rather flat with a
mean cellular height of 1 µm (Kersting et al. 1993) and
with regions as thin as 0.3 – 0.4 µm (Ojakian et al. 1987).
It is noteworthy that this height is significantly smaller than
the apparent depth of the fluorescent field we determined
with the fluorescent beads and is comparable to the height
of the focal plane in two-photon fluorescence microscopy
(Williams et al. 1994). For the plasma membrane, the ap-
parent GP values obtained strongly suggested that the
plasma membrane of living cells is significantly more or-
dered than intracellular membranes. This agrees with the
high order of the plasma membrane detected by using
TMA-DPH in living MDCK cell monolayers (Le Grimel-
lec et al. 1988) and with the fact that most of the cellular
cholesterol is located in the plasma membrane of cells 
(Lange 1991; El Yandouzi et al. 1994). The membrane of
endosomes, identified from the internalization of fluores-
cently labeled BSA, had a mean GP value intermediate
between the plasma membrane GP and the Gpcell . This re-
sulted from the fact that rhodamine-BSA labeled structures
localized near the plasma membrane had GP values signif-
icantly higher than those found around the cell nucleus.
Because of the incubation time with rhodamine-BSA we
cannot, however, exclude the possibility that part of the
perinuclear-labeled structures might correspond to lyso-
zomes or that, because of the thickening of the cell in the
region close to the nucleus, the GP of endosomes was only
apparently decreased due to an increased influence of other
intracellular membranes. This last possibility would make
the endosomes different from the other organelles tested
whose GP was independent of the distance to the nucleus.
This applied to mitochondria whose GP value in situ was
found to be similar to the cell GP value whatever the po-
sition in the cell. In MDCK cells, mitochondria fill a ma-
jor part of the intracellular space (see Fig. 7 and Bergeron
et al. 1994). The mitochondrial membranes, as most of the
intracellular membranes, generally contain very low
amounts of cholesterol. Thus the relatively high lipid or-
der of mitochondria, in MDCK cells, suggested by GP val-
ues around 0.3, can hardly be accounted for by a “liquid
ordered” phase induced by cholesterol. Fluorescence po-
larization studies with DPH suggested that the membrane
fluidity of isolated mitochondria, and more generally of
the various intracellular membranes, is high (Shinitzky and
Inbar 1976; Pottel et al. 1983; van Blitterswijk et al. 1987).
On the other hand, quenching experiments with 2,4,6-tri-
nitrobenzene sulfonate or N-bixinoyl glucosamine of
DPH-labeled cells indicate that, in situ, the average phys-
ical state of intracellular membranes is close to the mem-
brane physical state determined on the intact cell (Grun-
berger et al. 1982). This suggests that mitochondrial mem-
branes, and more generally intracellular membranes, in situ
might have physical properties different from those deter-
mined on corresponding isolated structures. The mean GP
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value obtained from the structure labeled with either NBD-
or BODIPY-ceramide was significantly lower than the
GPcell. These two probes are vital stains of the Golgi ap-
paratus of cells (Lipsky and Pagano 1985; Pagano et al.
1991). Again, the Golgi GP was independent of the dis-
tance between the nucleus and the GP determination site.
Although the presence of cholesterol in the Golgi was de-
tected by filipin (Orci et al. 1981), conflicting results con-
cerning the amount of cholesterol present in Golgi mem-
branes have been obtained from subcellular fractionation
experiments (cholesterol/phospholipid ratio from <0.1 up
to 0.5 mol/mol; Taylor et al. 1984; Brasitus et al. 1988; Ka-
dowaki et al. 1994). Our data therefore strongly suggest
that, in situ, the amount of cholesterol interacting with
membrane phospholipids in the Golgi apparatus of MDCK
cells is low. This is in accordance with the observation by
Urbani and Simoni (1990) that the delivery to the plasma
membrane of cholesterol bypasses the Golgi apparatus.

Taken together these data strongly suggest that laurdan
is a promising tool for studies on the relationships between
membrane physical state and intracellular trafficking. They
also indicate that common fluorescence ratio imaging mi-
croscopy equipment can be used for such determinations
when using relatively flat cultured cells.
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