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Abstract. Diffusion-time distribution analysis (DDA) has
been used to explore the plasma membrane fluidity of
multidrug-resistant cancer cells (LR73 carcinoma cells)
and also to characterize the influence of various mem-
brane agents present in the extracellular medium. DDA is
a recent single-molecule technique, based on fluores-
cence correlation spectroscopy (FCS), well suited to re-
trieve local organization of cell membrane. The method
was conducted on a large number of living cells, which
enabled us to get a detailed overview of plasma mem-
brane microviscosity, and plasma membrane micro-
organization, between the cells of the same line. Thus, we
clearly reveal the higher heterogeneity of plasma mem-
brane in multidrug-resistant cancer cells in comparison
with the nonresistant ones (denoted sensitive cells). We
also display distinct modifications related to a membrane
fluidity modulator, benzyl alcohol, and two revertants of
multidrug resistance, verapamil and cyclosporin-A. A re-
lation between the distribution of the diffusion-time values
and the modification of membrane lateral heterogeneities
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1 Introduction

The two-dimensional (2-D) fluid organization of cell mem-
branes is a common crucial structure for every form of life.
Plasma membrane fluidity is also strongly involved in numer-
ous physiological processes of cells. Thus, the plasma mem-
brane fluidity appears as a relevant biophysical parameter in
the understanding of membrane-related biological mecha-
nisms. Fluidity, and more particularly viscosity at the micro-
scale of cell membrane, depends on the molecular dynamics
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of its components (lipids, proteins) within the supramolecular
2-D assembly. These dynamic processes are rotational and
transbilayer movements, flip-flop, and lateral motion." The
plasma membrane dynamic is also strongly altered in the
presence of lateral heterogeneities constraining the molecular
dynamics. It is now assumed that these heterogeneities are
related to a local organization of the plasma membrane, im-
plying various domains characterized by differences in com-
position and packing, the so-called lipid rafts, corrals, and
caveolaes, for examples.z‘3 Lateral membrane heterogeneities
are involved in various physiological processes, such as sig-
naling, protein and lipid trafficking, cell growth, and cell
adhesion.*’

Currently, fluorescence spectroscopy and imaging allow us
to reveal the plasma membrane organization and fluidity
through the motion of its constituents.’ Fluorescence aniso-
tropy is widely used to reveal the fluidity through the rota-
tional and translational movement of lipids, for example. Nev-
ertheless, anisotropy experiments are often performed on a
concentrated bulk sample, i.e., many cells are simultaneously
studied, and such experiments provide only an ensemble-
averaged measure of the membrane fluidity. On the contrary,
fluorescence recovery after photobleaching (FRAP) is the
usual way to study the lateral diffusion at the single-cell level.
However, FRAP needs a high relative concentration of dye
molecules, and unfortunately, these required high concentra-
tion conditions could strongly perturb the membrane dynamic.
Therefore, single-molecule fluorescence spectroscopy tech-
niques constitute a well-suited alternative to overcome this
invasive aspect and averaging ensemble effects. Among the
single molecule techniques, fluorescence correlation spectros-
copy (FCS) is the relevant method to investigate the fluidity
of biological membranes.”® The potential of FCS to relate
heterogeneity in model and natural membranes was recently
demonstrated.”'® FCS measurements at different spatial scales
were also done to probe membrane domains organization with
so-called FCS diffusion laws.''™ The latter should provide a
suitable method to identify the diffusion behavior of proteins
in the plasma membrane. Based on FCS, diffusion-time dis-
tribution analysis (DDA) is a recent technique proposed to
analyze single-molecule diffusion and is well suited to study
very locally heterogeneous samples, such as plasma mem-
brane of living cells.™

Tumoral cells could present a multidrug resistance (MDR)
to chemotherapeutic treatments. This drug resistance is
mainly dependent on biomechanisms occurring at the plasma
membrane level, and particularly on overexpression of
ATPase-binding cassette (ABC) transporter, such as
P-glycoprotein (ng).ls’16 This resistance to drugs would be
associated to membrane-mediated mechanisms involving
modification of membrane fluidity, drug permeability, pres-
ence of microdomains (rafts, caveolae), and membrane pro-
teins expression. All these membrane mechanisms can be
monitored by FCS through the lateral diffusion of a fluores-
cent membrane probe. Some modulator agents, named rever-
tants, have been developed in order to increase the intracellu-
lar concentration of cytotoxic drugs in MDR cells. Some of
them are known to inhibit the Pgp activity. Other modulators
as fluidizers seem to act by increasing the passive transmem-
brane motion (flip-flop) of drugs.'” Nevertheless, the interac-
tions between the modulators and the plasma membrane and
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the exact mechanism of inhibition are still not clear.

In this paper, we propose to explore by DDA the plasma
membrane fluidity of one multidrug-resistant cancer cell line
(CHO-LR73 transfected with MDR1 ¢cDNA) and the influ-
ence of three molecules added to the extracellular medium:
two revertant agents (verapamil and cyclosporin-A)'®!"°
membrane fluidizer, benzyl alcohol 2!

2 Materials and Methods
2.1 Cell Culture and Sample Preparation

Chinese hamster ovarian LR-73 drug-sensitive cells (LR73-S)
have been transfected with the mammalian expression plas-
mid pDREX4 containing the biologically active mouse
MDRI1 cDNA insert of phage ADR11 (the drug-resistant cells,
i.e., the transfected ones, are denoted LR73-R). The LR73-S
and LR73-R cell lines were grown in RPMI-1640 medium
(Gibco) supplemented with 10% fetal calf serum (Gibco).
Doxorubicin at a concentration of 1077 M was added to
LR73-R culture medium to ensure against revertants. All ex-
periments with resistant cell line were performed on growing
cells that have been in drug-free medium for more than a
week. Resistance index (IC50 of resistant cells/IC50 of con-
trol cells) was 45 (Ref. 22).

For FCS analysis, LR73 carcinoma cells were grown in
sterile glass-based Petri dishes (Iwaki Glass) in RPMI 1640
medium with Glutamax (Gibco) enriched with 10% fetal calf
serum (Gibco) at 37°C in a humidified atmosphere of 5%
CO,. Last, cells were labeled with a 250-nM solution of DiA
[4-(4-(didecylamino) styryl)-N-methylpyridinum iodide, Mo-
lecular Probes] during 5 min in growth medium. FCS mea-
surements were performed at room temperature in D-PBS
(Gibco) in order to avoid the background signal related to the
growth medium. When necessary, incubations in D-PBS
(Gibco) supplemented with a pharmacological concentration
of benzyl alcohol (10 mM),"” verapamil (5 uM),” or
cyclosporin-A (5 uM)'® were done during 5 min at 37 °C.

2.2 Preparation of Unilamellar Vesicles

Giant unilamellar vesicles (GUVs) were prepared by using the
rapid evaporation method.** Briefly, 20 uL of dioleoylphos-
phatidylcholine (DOPC) previously dissolved in chloroform
(0.1 M), were mixed in 980 uL of chloroform, 150 uL of
methanol, and 7 mL of distilled water. The organic solvents
have been removed in a rotary evaporator under reduced pres-
sure. After evaporation, the resulting aqueous solution con-
tained the GUVs. With such a method of synthesis, unilamel-
lar vesicles are produced with typical diameter of some
10 wm. The GUVs were labeled with a 100-nM solution of
DiA during 45 min. Glass substrates previously chemically
functionalized using a silanization process with aminopropy-
ldimethylethoxysilane (APDMS, 97%),% are used for confo-
cal and FCS observations. After sedimentation, such kinds of
substrate avoid GUV movement on the glass/water interface.

2.3 FCS Optical Setup

FCS was conducted with a home-made confocal optical de-
vice, which has been developed on an inverted Olympus mi-
croscope (IX70). This microscope is designed to probe very
small volumes (=~0.35 um?) by controlling the spatial extent

May/June 2009 + Vol. 14(3)



Boutin et al.: High heterogeneity of plasma membrane microfluidity in multidrug-resistant cancer cells

cell

water
objective

Zpiezo 1[L

: dichroic
Laser s mior

high-pass filter ﬁ—
<Emms> tube lens

é lens 1
band-pass filter e==

Q lens 2

monomode
fiber

"cch

spectrometer

Fig. 1 Experimental setup (see text for details).

of the laser beam at the entrance pupil of the objective and the
size of the pinhole detector. A schematic representation of the
setup is presented in Fig. 1.

The excitation light is provided by the 488-nm argon laser
line. After passing through a beam expander to sufficiently
enlarge the laser beam at the entrance pupil of the objective,
the laser beam is strongly focused through a high numerical
aperture water immersion objective (Olympus UPlanSApo
60X, NA=1.2). In all experiments, the laser power, measured
at the back pupil aperture of the objective, is kept constant to
100 uW. The fluorescence emission is collected through the
same objective and passes through a sharp high-pass filter
over 500 nm (Semrock LP02-488RU) and a highly selective
bandpass filter centered at 560 nm, with a bandwidth of
25 nm (Semrock FF01-560/25). According to the total mag-
nification of our microscope, M=15 (60X for the objective
and 0.25X for the additional optical imaging part comprise
lenses 1 and 2: see Fig. 1), a monomode optical fiber with a
core diameter of 9 um is used as point detector for the con-
focal detection.”® Last, the fluorescence signal F(r) is re-
corded with an avalanche photodiode (PerkinElmer APD,
SPCM-AQR-16: see Fig. 1), and the fluorescence fluctuations
are analyzed through the temporal autocorrelation function
(ACF) of F(t)—namely, the ACF, denoted G(7). The APD is
connected to a homemade single-photon counting module,”’
and a computational multi-7 procedure calculates the autocor-
relation functions G(7) with a quasi-geometrical progression
of the lag time from 0.2 us to ~3 s (Ref. 28).

FCS experiments have been performed at the single-cell
level using the so-called Z-scan method previously proposed
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Fig. 2 Fluorescence spectra emission: Red curve for a nanomolar con-
centration of DiA in DMSO (the narrow lines correspond to the Ra-
man scattering of DMSO); green curve for DiA into the plasma mem-
brane of LR73 cells (see text for labeling conditions). The fluorescence
spectrum of DiA in DMSO is similar to the one in water, with an
emission maximum =620 nm in DMSO and =610 nm in water. Inset:
Typical confocal fluorescence picture of LR73-S labeled with DiA.
(Color online only.)

by A. Benda et al.**° The Gaussian-like profile of the focus-
ing laser beam gives rise to an axial dependence (z-
dependence) of the diffusion time of DiA in the membrane,
denoted TéD . Consequently, a minimum value of Tle appears
when the smallest size of the beam radius—namely, the beam
waist—is exactly located on the plasma membrane. Hence,
the accurate values of the membrane diffusion time TfiD (ie.
the slowest ones) are obtained according to a fine achieve-
ment of the axial positioning of the observation volume with a
z-piezo system (PIFOC device from PI, Fig. 1).”

The fluorescence signal, F(z), can also be sent to a Jobin
Yvon spectrometer (TRIAX 550, Fig. 1), and confocal fluo-
rescence observations were performed with a Bio-Rad MRC-
1024 system.

3 Results
3.1 Analysis of Membrane Autocorrelation Functions

To ensure that the fluorescent probe location and behavior are
appropriate for FCS experiments, confocal observations and
spectral analysis were made on DiA-labeled LR73 cells. The
inset in Fig. 2 clearly shows that fluorescence from DiA is
mostly located at the plasma membrane level. The distribution
of fluorescence along the membrane is quite homogenous and
does not vary throughout observation; in particular, no dye
internalization is noted (data not shown). Moreover, a
~50-nm blue shift of the DiA emission is observed between
a DiA solution and the DiA in the cell membrane, as shown in
Fig. 2. This blue shift is the spectral fingerprint of the well
fluorophore insertion in the plasma membrane.’’ Thus, these
two combined observations ensure that DiA labeling of LR73
cells strictly stains the plasma membrane.

Membrane autocorrelation functions G(7) are fitted with
the following model describing the simultaneous translational
diffusions of both a slow (2-D) and a fast (3-D) component,
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according to the molecules diffusing within the plasma mem-
brane and residual contribution of DiA molecules freely dif-
fusing in the vicinity of the membrane, respectively:*>*”

G(n=1+ 1+Fexp< TF) x[<crw>2 1 <1+l>_l
1-F <erotal>2 <N2D> TéD
(er™ay — (ePP)? 1 7\
" ey <N3D>(1 : ?)
; \-12
X(1+527§D) } (1)

The first term of Eq. (1) depicts, for a fraction F, the DiA
molecules in a nonfluorescent state, which appears for singlet-
triplet dynamics,* and also for membrane association/
dissociation kinetics.”> The characteristic time related to such
nonfluorescent processes is named 7. The second term de-
scribes the 2-D diffusion of the DiA in the membrane. The
last term represents the residual contribution of fluorescent
molecules freely diffusing (3-D process) near the plasma
membrane. (N?P) and (N?P) are the average numbers of dif-
fusing molecules for the 2-D diffusion and the 3-D diffusion,
respectively. ¢r’” and c¢r?P are the respective fluorescence
signals (denoted counting rate, cr) of the total amount of DiA
and only for molecules diffusing within the plasma mem-
brane. The respective diffusion times for each class are 7[21D
and 7‘3D . § is the axial elongation of the observation volume
(S is typically =5). In our cell samples, the DiA is largely
present in the plasma membrane (Fig. 2), and the minimum of
Tle (assessed by the Z-scan method) always occurs together
with a maximum of the total fluorescence signal, cr*". In this
way, we can evaluate very precisely the diffusion time of DiA
molecules within the plasma membrane.

To reduce the noise on G(7) and thus increase the accuracy
of data evaluation, each FCS measurement results from the
average of three autocorrelation curves, recorded consecu-
tively at the same position on the cell membrane, each during
20 s (Ref. 28). Moreover, in all experiments, the laser power,
measured at the back pupil aperture of the objective, is kept
constant to 100 uW. Two typical autocorrelation curves
(ACFs) fitting on living LR73 sensitive and resistant cells are
presented in Fig. 3(a) and 3(b). (All these ACFs were evalu-
ated by a standard least squares procedure.) On living cells,
we show that in all cases, a two-component fit, according to
Eq. (1), is necessary. On the contrary, a pure 2-D diffusion of
DiA is recorded in GUV [Fig. 3(c)]. In the case of two dif-
fusing species, the fast diffusive component is compatible
with DiA freely diffusing in D-PBS medium. Thus, this fast
diffusion time is kept fixed in the analysis to the value ob-
tained from preliminary study in D-PBS, TZDQ’7O us. The
2-D diffusion time 72 and (cr*P) thus appear as the only
free-fit parameters to be precisely determined by Eq. (1).

3.2 Membrane Diffusion-Time Distribution Analysis
from Sensitive and Resistant Cells

We first aim to compare the lateral diffusion of the amphiphile
membrane probe DiA in drug-resistant (R) and drug-sensitive
(S) LR73 ovarian carcinoma cells. FCS measurements were
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Fig. 3 (a) and (b): Two typical experimental autocorrelation functions
(ACFs) obtained for DiA-labeled LR73 cells (see text for labeling con-
ditions). (c): Typical ACF recorded for a giant unilamellar vesicle
(GUV) labeled with DiA (see text for labeling conditions). Black
curves: Experimental autocorrelation curves. Blue curves: Total fit ac-
cording to Eq. (1). Red curves: Fit according to a single class of mol-
ecules diffusing in two dimensions. (Color online only.)

carried out for LR73-S and LR73-R populations of, respec-
tively, 110 cells. The distribution plots of the diffusion times,
Tf,D , 1.e., the diffusion-time distribution, are represented as
counting histograms (Fig. 4).

May/June 2009 + Vol. 14(3)
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Fig. 4 Diffusion-time distributions obtained through a cell-by-cell
measurement, from two populations of 110 LR73-cells each, sensitive
line (gray columns) and resistant line (red-striped columns) (see text
for labeling conditions). These histograms have been built with a col-
umn bin size equal to the highest error (i.e., highest uncertainty) as-
sessed through the autocorrelation curve fitting, here 0.5 ms. Inset:
The corresponding cumulative frequency profiles for LR73-S (black
line) and LR73-R (red line). (Color online only.)

This representation highlights the extensive dispersion of
the two studied 7§D datasets and clearly exhibits a broad dis-
tribution for the LR73-R resistant cell line. Both distributions
are asymmetric and not mean-centered, showing a significant
skewness toward longer times (this effect being more marked
for LR73-R cells). The inset in Fig. 4 compares the cumulated
frequency profiles for the LR73-S and LR73-R diffusion-time
distributions.*® In addition, these profiles display some dis-
tinct noteworthy features: a sharp progression reaching 100%
at about 10 ms for the LR73-S dataset and a flat profile, end-
ing around 18 ms, in the case of LR73-R cells. Interestingly,

the comparison of cumulated frequency profiles reveals than
for LR73-R, =20% of the measured 7'(21]) values are higher
than 10 ms, whereas LR73-S cells present diffusion-time val-
ues below this threshold.

Mean values of the diffusion-time distribution, denoted
<7§D>, are 3.9 ms versus 6.7 ms for LR73-S and LR73-R
cells, respectively (Table 1). Results show a marked differ-
ence, as confirmed by the nonparametric Wilcoxon test (p
<0.001). The dispersion of the 75D measurements is assessed
through the standard deviations of diffusion-time distribution,
noted o 2D, which are 1.6 ms and 3.4 ms for LR73-S and
LR73-R cells, respectively, as shown in Table 1. The strong
difference of 02D between both cell lines is validated through
the F-test comparison for equal variance (p <0.001).

In summary, the lateral membrane diffusion behavior of
DiA is clearly distinct between sensitive LR73 cell lines and
resistant ones. The latter exhibit a broad diffusion-time distri-
bution, an increased mean value, and a significant fraction of
slow diffusion events (7§D> 10 ms).

3.3 Fluidity Modulation Assessed with DDA

The lateral diffusion of DiA in the plasma membrane of
LR73-S and LR73-R cells was also investigated by FCS in the
presence of two kinds of compounds present in the extracel-
lular medium: membrane-perturbing agent benzyl alcohol
(BA), and two MDR reverting drugs (verapamil and
cyclosporin-A). Cumulated frequency profiles are deduced
from FCS measurements done in each condition (benzyl alco-
hol, verapamil, and cyclosporin-A). Figure 5(a) compares the
profiles obtained for LR73-S cells untreated (red curve) and
treated with BA (black curve). The presence of BA leads to a
narrower and short-time-shifted distribution of the diffusion
times, as shown in Fig. 5(a). Influence of benzyl alcohol is
characterized by important modifications of the mean values

Table 1 Statistical parameters estimated from the distribution of diffusion times (72°) and the distribution
of diffusion coefficients (D?*P) for GUVs, LR73-S, and LR73-R cell lines, with and without treatment. The
diffusion coefficients (D?P) were evaluated according to the relation 7°=w?/4D*P, where w, is the 1/e?
radial width of the observation volume. It was determined to be w,=275+10 nm by using the experi-

mental method described in Ref. 37.

2P (ms) and D22 (um?/s)

Mean value

Standard deviation

Percentage beyond

@0 o o0 10 ms
LR73-S untreated 3.9 5.6 1.6 2.2 0
LR73-S +benzyl alcohol 2.0 10.5 0.6 3.7 0
LR73R untreated 6.7 3.6 3.4 1.8 18
LR73-R+benzyl alcohol 2.9 7.0 0.7 2.4 0
LR73-R +verapamil 55 3.6 1.0 0.8 0
LR73-R +cyclosporin-A 5.8 3.7 2.1 1.4 3
Guv 1.2 16.4 0.2 2.3 0
Journal of Biomedical Optics 034030-5 May/June 2009 + Vol. 14(3)
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Fig. 5 Diffusion-time distributions and cumulative frequency profiles
of LR73 cells and effect of membrane agents. (a): Diffusion-time
cumulative-frequency profiles for LR73-S untreated (red line) and
treated with benzyl alcohol (10 nM); (black line). Inset: The corre-
sponding normalized diffusion-time distributions with the same color
code (column bin size is 1.5 ms). (b): Cumulative frequency profiles
for LR73-R untreated (red line), treated with BA (10 mM, 5 min; black
line), verapamil (5 uM, 5 min; blue line), and cyclosporin-A (5 uM,
5 min green line). Inset: The corresponding normalized diffusion-time
distributions with the same color code. Diffusion-time cumulative fre-
quency profiles for GUVs are also plotted in each graphic (black dot-
tes curves). (Color online only.)

from 3.9 ms to 2.0 ms (p <0.001; nonparametric Wilcoxon
test) and by the standard deviation decrease from
1.6 to 0.6 ms (p<<0.001; F-test), as shown in Table 1. The
cumulative frequency profiles obtained for treated or un-
treated LR73-R cells are presented in Fig. 5(b). Benzyl alco-
hol still exerts a marked effect on the diffusion-time distribu-
tion, simultaneously correlated to a strong decrease of mean
and standard deviation, as shown in Table 1. These differences
are confirmed by nonparametric Wilcoxon test and F-test for
equal variance (p<0.001 for both tests).

The influence of the verapamil drug is less marked but
leads to a sharper profile and abolishes the diffusing events
higher than 10 ms, which are typical of untreated LR73-R
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cells [Fig. 5(b)]. In the presence of cyclosporin, the cumula-
tive profile is slightly affected, with a partial conservation of
diffusion events around 10 ms [Fig. 5(b)]. Concurrently, vera-
pamil gives a stronger diminution of 02D than cyclosporin, as
shown in the inset in Fig. 5(b) and in Table 1. F-testing indi-
cates that these variances are significantly different
(p<<0.01). Interestingly, both reverting drugs exert weak ef-
fects on the mean value, as can be seen in Table 1, and non-
parametric Wilcoxon tests attest that Tle distributions for
treated (verapamil or cyclosporin) LR73-cells are not signifi-
cantly shifted (Table 1).

In summary, verapamil, cyclosporin-A, and benzyl alcohol
exert concrete modulations on the diffusion behavior of DiA
in LR73 cells. The addition of benzyl alcohol in extracellular
medium induces a significant increase of the plasma mem-
brane fluidity and reduces considerably its heterogeneity,
tending; toward phospholipids vesicle behavior (i.e., behavior
of a pure lipid bilayer membrane) see Fig. 5 and Table 1.
MDR reverting drugs keep the mean value, {75°), quite con-
stant, and only verapamil totally abolishes the slow-diffusion
events (7‘(21]) >10 ms).

4 Discussion

The degree of motion of hydrocarbon chains within the lipid
bilayer is known as membrane fluidity. Previous observations
have shown differences in structural order of the lipid phase
of the plasma membrane between sensitive and resistant
cells® and that a decrease of membrane fluidity was associ-
ated with the degree of resistance to drugs.”®> More recently,
fluorescence anisotropy measurements with DPH dyes estab-
lished an inhibition of Pgp transport activity by increasing the
plasma membrane ﬂuidity.40 Therefore, our results can be dis-
cussed regarding the membrane composition of sensitive and
resistant cells, and also with respect to the role of the lipid
organization on P-glycoprotein function.

4.1 Membrane Lipid Composition in Sensitive and
Resistant Cells

Membrane fatty acid composition showed that resistant cells
contain, in comparison to sensitive cells, a low amount of
unsaturated fatty acid and on the contrary a high proportion of
saturated fatty acids. ¥ Moreover, it was shown that unsat-
urated fatty acids addition increase the fluidity of the plasma
membrane, which emphasizes the role of unsaturated fatty
acids on the fluidity. Furthermore, in comparison with sensi-
tive cells, esterified cholesterol and triglycerides are also
present in a high proportion in two MDR cells lines derived
from MCF-7 and LoVo.** Recent FCS studies on model lipid
bilayer have clearly pointed out slow diffusion times in the
presence of saturated fatty acids, cholesterol, and
triglycerides.“’46 Therefore, the presence of differences in
terms of fluidity between sensitive and resistant cells can be
obviously related to the lipid composition of the plasma mem-
brane (Fig. 4).

This high diversity of lipids in a cell membrane (in com-
parison to a model membrane) gives rise to the membrane
heterogeneity, the so-called microdomains such as lipid rafts
and caveolae.” Membrance microdomains consist of a model
of compact and ordered association of cholesterol and sphin-
golipids with long and saturated fatty acids, “floating” in a
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more fluid phase.“’5 Lipid microdomains are present in both
sensitive and resistant cells, but some of them are specific to
multidrug-resistant cells. These specific microdomains give
rise to the visible differences between both sensitive and re-
sistant diffusion-time distributions, as shown in Fig. 4.

P-glycoprotein exists in raft and nonraft membrane do-
mains, in proportions depending on the cell types. A large
amount of the total Pgp cellular content was analyzed in
detergent-resistant membrane regions from MDR cell lines.*”®
A correlation between Pgp function and its association to lipid
rafts components has been recently reported.49 P-glycoprotein
also has enzymatic properties, which are associated with a
less fluid and ordered membrane environment.* To improve
our understanding of the presence of Pgp in microdomains,
we have begun FCS studies combined with their Z-scan
method™ to perform DDA at different spatial scale, as previ-
ously proposed by Lenne et al.'>"? By analysis of the FCS
diffusion law of labeled Pgp, it should be possible to identify
the repartition of Pgp in the plasma membrane. These comple-
mentary analyses are currently under way and are beyond the
scope of this paper.

4.2 Effects of P-Glycoprotein Modulators

We show for both cell lines that the fluidizing effect of benzyl
alcohol leads to an important increase of the plasma mem-
brane fluidity (Fig. 5), with respect to a broad homogenization
of the plasma membrane micro-organization, hence by the
strong reduction of diffusion-time distribution width (assessed
through the standard deviation; see Table 1). Like benzyl al-
cohol, many other molecules such as linoleic acid, chloro-
form, diethyl ether, detergents, and surfactants are known to
fluidize the entire cell membrane. These molecules can also
suppress the P-glycoprotein activity, as assayed either by cell
efflux, by drug uptake in vesicles, or by ATPase activity.
Thus, the increase of membrane fluidity may affect functions
of membrane proteins, such as P-glycoprotein.

Changes in multidrug resistance by resistance modifiers
such as verapamil would modify the fluidity of the cell mem-
brane. A lower degree of structural order in cell membrane
and an increased membrane fluidity was described in the
verapamil-treated resistant CH(R)C5 subline.”’ In contrast,
verapamil induces no effect on the cell membrane fluidity of
sensitive cells.

At the opposite of this nonspecific action of benzyl alco-
hol, revertant agents such as verapamil and cyclosporin-A, do
not change entirely the fluidity of multidrug-resistant cells, as
shown in Fig. 5(b). Just a few parts of the diffusion-time
distribution are clearly affected. Consequently, these revertant
agents would seem to act only on some specific microdomains
of MDR cells. However, both cyclosporin-A and verapamil
are probably competitive inhibitors of P-glycoprotein, and
their effects on membrane fluidity are a side effect, not di-
rectly relevant to the reversal of the P-glycoprotein activity.
Nevertheless, a reasonable hypothesis is that these specific
microdomains observed in resistant cells constitute the highly
structured environment, which probably contains, among
other species, the P-glycoprotein. Modulator agents of the Pgp
(verapamil and cyclosporine-A) homogenize the diffusion-
times toward the sensitive cell values, as shown in Fig. 5.
Indeed, the inhibition of P-glycoprotein, known as a lipid
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translocase, could increase the membrane fluidity by disturb-
ing the direct environment of the protein.

5 Conclusion

We report in this paper, for the first time to our knowledge,
changes of membrane fluidity in resistant cells by means of a
single molecule technique based on fluorescence correlation
spectroscopy: diffusion-time distribution analysis (DDA).
DDA, conducted at the single-cell level and on a large number
of cells, provides complementary information about the
plasma membrane fluidity between cells of the same cell line.
Indeed, two significant pieces of information have been ex-
tracted from diffusion-time distributions: the average value,
which is directly related to fluidity degree of the cell line, and
the standard deviation, which gives information about the
plasma membrane heterogeneity (i.e., the degree of structural
order of plasma membrane). Consequently, we report a lower
degree of fluidity for resistant cells, and more interestingly, a
larger range of lateral diffusion times, as compared with sen-
sitive cells. Other studies reported in the literature, using
FRAP, fluorescence anisotropy, or electron spin resonance
spectroscopy, have also revealed a lower fluidity for resistant
cells than sensitive ones, 83?4231 However, the broad distribu-
tion of diffusion times recorded on MDR cells that can be
obviously directly related to the high heterogeneity of its
membrane, in term of organization, would be a new property
of resistant cells. Besides this global property of MDR cells,
the presence of distinct slow-diffusion sites (7'{21D >10 ms)
linked to the resistance has been revealed through the action
of fluidizer and revertant agents. These slow-diffusion sites
observed in MDR cells may be related to specific micro-
domains, which probably contains, among other species, the
P-glycoprotein.
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