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� Abstract
Lipid rafts are cholesterol- and glycosphingolipid-rich plasma membrane microdo-
mains, which control signal transduction, cellular contacts, pathogen recognition, and
internalization processes. Their stability/lifetime, heterogeneity remained still contro-
versial, mostly due to the high diversity of raft markers and cellular models. The corre-
spondence of the rafts of living cells to liquid ordered (Lo) domains of model mem-
branes and the effect of modulating rafts on the structural dynamics of their bulk mem-
brane environment are also yet unresolved questions. Spatial overlap of various lipid
and protein raft markers on live cells was studied by confocal laser scanning micros-
copy, while fluorescence polarization of DiIC18(3) and Bodipy-phosphatidylcholine
was imaged with differential polarization CLSM (DP-CLSM). Mobility of the diI probe
under different conditions was assessed by fluorescence correlation spectroscopic
(FCS). GM1 gangliosides highly colocalized with GPI-linked protein markers of rafts
and a new anti-cholesterol antibody (AC8) in various immune cells. On the same cells,
albeit not fully excluded from rafts, diI colocalized much less with raft markers of both
lipid and protein nature, suggesting the Lo membrane regions are not equivalents to
lipid rafts. The DP-CLSM technique was capable of imaging probe orientation and het-
erogeneity of polarization in the plasma membrane of live cells, reflecting differences in
lipid order/packing. This property—in accordance with diI mobility assessed by FCS—
was sensitive to modulation of rafts either through their lipids or proteins. Our com-
plex imaging analysis demonstrated that two lipid probes—GM1 and a new anti-choles-
terol antibody—equivocally label the membrane rafts on a variety of cell types, while
some raft-associated proteins (MHC-II, CD48, CD59, or CD90) do not colocalize with
each other. This indicates the compositional heterogeneity of rafts. Usefulness of the
DP-CLSM technique in imaging immune cell surface, in terms of lipid order/packing
heterogeneities, was also shown together with its sensitivity to monitor biological mod-
ulation of lipid rafts. ' 2007 International Society for Analytical Cytology
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MICRODOMAINS enriched in cholesterol and glycosphingolipids (so called lipid

rafts) are expressed in the plasma membrane of most mammalian cells (1–6) and

involved in numerous membrane-associated cellular functions. Compartmentation,

spatiotemporal coordination and coupling or isolation of receptor-, signal-transdu-

cing, or regulatory proteins were shown to be controlled, in some ways, by lipid rafts

(3–6). Furthermore, these microdomains are supposed to be involved in the captur-

ing and internalization of some viruses (e.g. human immunodeficiency virus, HIV

and influenza virus), bacteria, or bacterial inflammatory molecules (e.g. toxins or

lipopolysaccharides) by host cells (6,7) in the immune system and in regulation of
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signal transduction in neuronal synapses (8). Moreover, a cor-

relation between cholesterol homeostasis and appearance/

composition of membrane microdomains in human mono-

cyte-macrophage cells (9), as well as a differential regulatory

role of E-LDL and Ox-LDL in the cholesterol- and ceramide-

rich microdomains of these cells have recently been shown

(10). Thus, lipid raft and caveola membrane microdomains

gained a widespread attention in the research of cellular com-

munication and signal transduction in general, and in the

immunological, virological, and neurobiological research areas

in particular.

Despite the extensive biochemical and biophysical char-

acterization on model membranes and cells, several basic

properties of these membrane microdomains on live cells (e.g.

size, stability, fine structure, or compositional diversity), as

well as the regulatory mechanisms controlling these properties

still remained controversial and less understood (2,6,11–13).

Since there is an ongoing debate on the size, size-distribution,

lifetime and stability of microdomains, many groups are

devoted to characterize different aspects of rafts by using vari-

ous versions of optical fluorescence or scanning probe ima-

ging. These approaches, focusing mostly on model membranes

with less complexity, include, among others, confocal fluores-

cence (FRET-) microscopy (11); single particle tracking video-

imaging (13); fluorescence correlation (FCS) microscopy

(14,15); two-photon microscopic imaging of laurdan general-

ized polarization domains (16) and atomic force imaging of

model membranes (17,18).

Various probes are used to mark these microdomains,

such as fluorescent antibodies against GPI-anchored proteins

(e.g. CD48, CD55, CD59, CD14, HA-R, AP, FR, etc.), GPI-

GFP reporters, the cholera toxin b subunit binding selectively

to GM1,3 gangliosides or fluorescent lipid analogs (6). We have

recently developed new IgG type monoclonal antibodies reac-

tive to clustered cholesterol in both cell-free systems, such as

lipoproteins, and in live immune cells (e.g. lymphocytes, mac-

rophages). These antibodies were shown capable of marking

cholesterol-rich membrane microdomains (rafts or caveolas)

or even their redistribution in the plasma membrane of acti-

vated lymphocytes (19).

The phase separation of Lo (liquid ordered) and Ld (liq-

uid disordered, fluid) domains has been quite extensively

studied earlier in various model membrane systems (6,20–22).

The imaging studies on such systems often applied fluorescent

lipid probes to mark these domains, such as the diIC18 or

diIC20 indocarbocyanine probes (diI) for Lo domains or Bod-

ipy-phosphatidylcholine (B-PC) for the Ld domains (20–22).

Although lipid rafts are often depicted as ordered lipid

domains, the diI probe, partitioning well into Lo domains in

model membranes of simple composition (e.g. GUVs) (20),

has been assumed as a non-raft lipid probe (23,24), based on

its weak miscibility with sphingomyelin (SM)-enriched

regions. In these GUV (Giant Unilamellar Vesicle) models

cholesterol was shown to increase separation of the Lo and Ld

phases in a concentration dependent manner, demonstrating

its capability to fine-tune dynamics of membrane phases and

microdomains. The question whether the phase-relations and

raft dynamics is similar in the plasma membrane of live cells,

however, is still debated (24).

The lateral contacts of raft microdomains to their neigh-

boring membrane areas, as well as the domain boundaries of

Lo phase regions are both poorly understood in live cells. In

order to investigate these questions we applied here a recently

introduced novel differential polarization laser scanning con-

focal microscopic approach (DP-CLSM) (25,26) to further an-

alyze the ordering of plasma membranes and lipid packing of

live lymphoid cells. For this purpose we used the aforemen-

tioned indocarbocyanine lipid probe, diIC18(3). The expected

membrane perturbation caused by this probe is certainly lower

than those appearing when a large fluorescent IgG antibody,

the very specific, but pentameric polypeptide, CTX-B, or large

immunogold labels are used. Moreover its dipole orientation

relative to the membrane surface was experimentally estab-

lished and shown to be preferentially tangential, at least in red

blood cells (27). Therefore it seems a suitable probe to study

changes of lipid order/packing and the effects of raft modula-

tions on their lipid neighborhood in live cells.

In the present study we addressed the following ques-

tions: (i) to what extent does the new marker of clustered cho-

lesterol (AC8 antibody) overlap with GM1,3 ganglioside-

enriched domains and with the diI lipid probe in a variety of

live immune cells; (ii) to what extent do the different protein

markers of rafts overlap with the above two lipid probes and

with each other; (iii) what can the differential polarization

(DP-CLSM) images of diI tell us about lipid raft dynamics and

the coupling of rafts with their lipid neighborhood. Our data

demonstrate that cholera toxin B and the new anti-cholesterol

antibody, AC8, as two lipid probes of membrane rafts, show a

highly matching membrane localization in all cell types inves-

tigated, confirming that the gangliosides and cholesterol may

indeed form a stable ‘‘nucleus/molecular skeleton’’ for mem-

brane rafts. In contrast, several raft-associated proteins (e.g.

MHC-II, CD48, or CD90) show a differential colocalization,

reflecting a compositional heterogeneity in the protein content

of co-existing lipid rafts on live immune cells. Usefulness of

the differential polarization CLSM method in imaging

immune cell surface in terms of lipid order/packing heteroge-

neities and detection of biological modulation of lipid rafts

are also demonstrated and discussed.

MATERIALS AND METHODS

Cells and Reagents

The human Kit225 K6 T-lymphoma cell line (kindly pro-

vided by T.A. Waldmann, Bethesda, MD) was cultured in

RPMI 1640 medium supplemented with 10% fetal calf serum

(FCS), penicillin, streptomycin, Na2CO3, and sodium pyru-

vate. Recombinant IL-2 (20 U/ml) was added in every 48 h

(28). For the experiments, cells were harvested, washed, and

resuspended in PBS, pH 7.4. JY human B lymphoblasts (HLA-

A2,B71) (29) were grown in RPMI 1640 1 10% FCS me-

dium, while 2PK3 (I-Ed 1, I-Ad 1) murine B-lymphoma cell

line of BALB/c origin (ATCC, TIB-203) and the L929 C3H/An

mouse fibroblasts (ATCC, CCL-1) were cultured in RPMI
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1640 medium with 0.05 mM 2-mercaptoethanol and 5% FCS,

in 5% CO2 atmosphere, at 378C (30). Ten-week-old male Spra-

gue-Dawley rats were decapitated, hearts were removed, rinsed

in isotonic saline solution (0.9% NaCl), blotted dry, and cham-

bers were separated from each other. Left ventricular tissue

samples were sliced and stained right before they were assayed.

MbCD and McCD (random methylated b and c cyclo-

dextrin) was purchased from CycloLab (Budapest, Hungary).

Alexa 488-(or 647-) cholera toxin B, diIC18(3) and Bodipy-

phosphatidylcholine were obtained from Molecular Probes-

Invitrogen (Eugene, OR). MEM-75 (against transferrin recep-

tor/CD71) and MEM-102 (against CD48) mAbs were kindly

provided by V. Horejsi (Institute of Immunogenetics, ASCR,

Prague, Czech Republic) and they were conjugated with Alexa

fluorophores according to the manufacturer’s instructions

(Molecular Probes-Invitrogen).

Cell Labeling

Cells were labeled with Alexa488-conjugated cholera

toxin B according to the manufacturer’s (Molecular Probes-

Invitrogen) instruction. Staining with diI (1.5 mg/ml) was per-

formed by incubating the cells for 2–3 min., at 378C, in HBSS

(15 mM glucose 1 1% BSA), using a sonicated, air-fuged,

and filtered stock solution of diI in ethanol. In case of double

labeling, cells were incubated sequentially in diIC18(3) and

then CTX-B for 10 min on ice. Cells were labeled with fluores-

cent antibodies for 40 min, on ice, and then washed twice

before measurement. Human CD71 specific Cy3-MEM-75

(mouse IgG1 Ab) and FITC-conjugated rat anti-mouse anti-

body G7.4 (IgG2c, from ATCC) was used to label transferrin

receptor and Thy1 (CD90), respectively. CD2 on T-cells were

labeled with FITC-conjugated anti-human CD2 mAb (Sigma,

St. Louis, MO, USA). ACHAs were applied either as Alexa488-

conjugated AC8 or biotinylated AC8 followed by Alexa647-

conjugated neutravidin and the cells were stained as described

recently (19). In case of double labeling, the lipid probes and

the antibodies were usually added to the cells simultaneously

for the appropriate time intervals. No competition or mutual

blocking of binding was observed with any pairs. For the fluo-

rescent antibodies appropriate isotype control antibodies (or

cell lines) were used as negative controls.

Depletion of Membrane Cholesterol by MbCD

Freshly harvested cells (1 3 106/ml) were incubated with

10 mM MbCD or MgCD (control) (Cyclolab, Budapest, Hun-

gary) for 15 min, at 378C, in PBS pH 7.4 and then washed.

Forty to fifty percent of plasma membrane cholesterol could

be removed with this treatment (28). MgCD a conformational

isomer incapable of cholesterol extraction was used as control.

After washing, the cells were labeled accordingly for further

analysis.

Membrane Modulation by Crosslinking of

Membrane Proteins

Cells were incubated with unconjugated MEM-75 (reac-

tive with transferrin receptor, CD71) or MEM-102 (reactive

with CD48) monoclonal antibodies on ice, for 40 min. After

washing, samples were incubated with polyclonal goat anti

mouse IgG for 30 min, on 378C, to crosslink the primary

antibodies.

CLSMMeasurements

The stained cells or tissue sections were mounted on cov-

erslip and imaged by Olympus FluoView500 confocal laser

scanning microscope, using the 488 nm argon-ion laser line to

excite Alexa 488 dye and the 543 nm He-Ne laser line for the

diIC18(3). In case of long wavelength probes, a 632 laser line

(He-Ne) was applied. The images (512 3 512 pixels) were

recorded by using a 603 oil-immersion objective (N.A.:1.25).

An SDM560 dichroic mirror and a BA505-525 bandpass emis-

sion filter was used for detecting Alexa 488 fluorescence

(channel 1), SDM630 dichroic mirror and BA560-600 bandpass

filter was used in channel 2 for detecting diIC18(3) emission

and a 660IF long pass filter was used in channel 3 for detecting

the fluorescence of long-wavelength probes Cy5 or Alexa647.

A sequential scanning mode was applied in colocalization

experiments to minimize the crosstalk between channels.

Pearson’s colocalization coefficients were calculated by

using the ImageJ software. The same experimental setup and

strategy was applied to investigate colocalization of various

double-stained lymphoid cells by CLSM.

FRET Measurements

FRET between membrane proteins, after their fluorescent

immunocytochemical labeling, was measured either by the

acceptor photobleaching FRET or the intensity-based FRET

method (31). FITC-Cy3, Cy3-Cy5, or Alexa546-Cy5 dye pairs

served as donors and acceptors, respectively. FRET efficiencies

were measured by recording 512 3 512 pixels images of the

double- or single (donor- or acceptor-) labeled cells in the op-

tical channels of the FluoView 500 CLSM system, selected

properly for the given dye pair by the appropriate emission fil-

ter combinations and dichroic mirrors. The images were eval-

uated for FRETefficiency as described previously (31,32).

FCS Measurements

FCS measurements were carried out on the fluorescence

fluctuation microscope (FFM) constructed by Prof. Jörg Lan-

gowski’s group at the DKFZ, Heidelberg. The setup combines

an FCS/FCCS module with a galvanometric laser scanner

attached to the video port of an inverted IX-70 microscope

(Olympus, Hamburg, Germany) with a UplanApo 603, 1.2

NA water immersion objective (33,34). Measurements were

performed at room temperature. DiI fluorescence was excited

with the 568 nm line of an Ar-Kr laser from Omnichrome

(Wessling, Germany). Emission was detected through a 590–

750 nm bandpass filter (OG5901700CSFP, Omega Optical,

Brattlerborn, VT) by an avalanche photodiode (SPCM-AQR-

13, Perkin-Elmer, Wellesley, MA). Confocal images of the cell

membrane were acquired, and the laser beam was positioned

at selected points of the membrane for FCS measurements.

Laser power at the objective was � 0.8 mW. For calculating the

autocorrelation function from the signal of the photodiode,

an ALV-5000/E correlator card (ALV Laser GmbH, Langen,

ORIGINAL ARTICLE

222 New Faces of Membrane Microdomains



Germany) was used. Data acquisition time was always 60 s,

corresponding to 10 runs of 6 s, which were averaged. From

each sample �10 cells were measured. Autocorrelation func-

tions were fitted to a single component 2D diffusion model

with triplet term using the program QuickFit (written in the

laboratory of J. Langowski, DKFZ, Heidelberg):

GðsÞ ¼ 1

N

1� T þ Te�s=str
� �

1� T
1þ s

sd

� ��1
" #

;

where N is the average number of molecules in the detection

volume, T is the fraction of diIC18(3) molecules being in the

triplet state within the detection volume, str is the phosphores-
cence lifetime of diIC18(3) and sd is the diffusion time, which

is the average time spent by the dye in the detection volume.

The diffusion coefficient, D can then be derived as: D 5
xxy
2 /4sD, where xxy is the lateral radius of the sensitive volume.

xxy at 568 nm excitation was estimated by measuring the dif-

fusion time of Alexa Fluor 568 dissolved in PBS (sd 5 60� 2 ms
at 258C). Assuming inverse proportionality between the MW

and D, and using Rhodamine 6G as reference (Culbertson

et al., 2002, Talanta 56:365), we assessed the diffusion coeffi-

cient of Alexa Fluor 568 as DAlexa 568 � DR6G 3 MWR6G/

MWAlexa 568 5 4.14 3 1026 cm2/s 3 471/716 5 2.72 3 1026

cm2/s. From this the radius was estimated to be xxy ¼
ffiffiffiffiffiffiffiffiffiffiffi
4DsD

p
� 255 � 5 nm.

Differential Polarization Laser Scanning Microscopy

For recording P (the degree of polarization of the fluores-

cence emission) images we used a Zeiss LSM 410 laser scan-

ning microscope equipped with DP (differential polarization)

attachments. The overall schemes and technical details,

including calibration and correction procedures, taking into

account the polarization characteristics of the dichroic beam

splitter, have been published elsewhere (25,26). For P imaging

of the lymphocyte cells in the DP-CLSM (differential polariza-

tion confocal laser scanning microscope), the sample was

excited with either the 488 or 514 nm linearly polarized beams

of an Ar-ion laser. The polarization content of the fluorescence

emission was analyzed with the aid of a photoelastic modula-

tor (PEM, Hinds International) and a demodulation circuit,

which consisted of a programmable, gated digital phase-sensi-

tive detector (DPSD) constructed by Pawel Kamasza (SZFKI

KFKI, Budapest). The DPSD was locked at the modulation

frequency of PEM, at 100 kHz, and a low pass analog-digital

converter amplifier (ADC) was used to determine the average

intensity, Ia. The analyzer unit was adjusted in a manner to

detect the intensity difference DI 5 I1 2 I2, where the polar-

ized components are parallel (I1) and perpendicular (I2) to the

polarization direction of the laser beam. P was calculated as

DI/2Ia, with Ia 5 (I1 1 I2)/2.

5 3 105 Kit225 K6 T-lymphoma or JY human B lym-

phoma cells suspended in PBS were labeled with diIC18(3). After

washing, cells were resuspended in PBS and mounted on cover-

slip. The 514 nm laser line was used for excitation, an FT560

dichroic beamsplitter and an additional long pass 560 nm color

filter was used to separate the fluorescence; the PEM was

adjusted to 586 nm, which is the emission peak of diIC18(3).

When labeling with Bodipy-phosphatidylcholine, cells were

incubated at the same density with the probe (1.5 mg/ml) for 10

min, at room temperature. After washing, cells were mounted

on coverslip. Excitation of Bodipy fluorescence was at 488 nm,

using an FT510 beamsplitter and a long pass 510 nm filter; PEM

was adjusted to the emission peak (520 nm) of Bodipy-PC.

RESULTS

Staining Patterns of the Fluorescent Lipid Membrane-

Probes on Live Lymphoid Cells

In earlier studies the large diversity of the applied, sup-

posed raft markers, and cellular models resulted in a broad

spectrum of their localization and physicochemical properties

(6). Therefore here we tried to perform a systemic study on

cell types phenotypically closely related to each other, such as

T- and B-lymphoma cells of human or murine origin and to

apply the same lipid raft markers to all. First, we tested how

the staining pattern of these cells with various well defined

markers of lipid rafts (e.g. CTX-B, a new anti-cholesterol anti-

body, AC8) or with diIC18(3) and Bodipy-PC, lipid probes of

Lo and Ld phase domains, respectively (12,20,21). As the rep-

resentative intensity surface plots on Figure 1 show, the

human T lymphoma cells (Kit 225 K6) displayed a differential

staining pattern with these probes. While CTX-B, AC8, and

diIC18(3) all stained these cells in a pattern of discrete small

patches (Figs. 1A–1C), while the Bodipy-PC probe, enriched

in the fluid membrane regions, as expected, stained the plasma

membrane more homogenously (Fig. 1D). Similar staining

patterns were observed for these probes in human B lympho-

blast (JY) and macrophage (U937) cell lines (data not shown).

Membrane Domains Defined by diIC18(3) Match the

Domains of Classical Lipid Raft Markers Only Partially

in Lymphoid Cells

Despite that diIC18(3) was defined by model membrane

studies as nonraft marker (enriched in Lo phase domains)

(23,24), showed a typical patchy staining pattern on the sur-

face of lymphoid cells (see Fig. 1C), suggesting that these 200–

300 nm diameter patches define a certain type of membrane

microdomain in these cells. A substantial colocalization was

found between the new fluorescent AC8 anti-cholesterol anti-

body (19), and the CTX-B labeled GM1 gangliodies, the classi-

cal markers of rafts. A high level of matching of the AC8-la-

beled and GM1-CTX-B 1 domains was observed in both B-

and T-lymphocytes of human origin (cross correlation (cc):

0.68 and 0.67, respectively), similarly to murine TH cells and

macrophages (Table 1). The colocalization between diIC18(3)

and AC8, however, was significantly lower (cc: 0.4) in the

same cells. The spatial correlation between diIC18(3) and the

GM1/CTX-B domains was the lowest (28–34%), as assessed by

a CLSM analysis on cells of different origin (Figs. 1E–1H), and

it was independent of the cell type. These data suggest, that

the ‘‘clustered’’ cholesterol and GM1 have a high spatial corre-

lation in all cell types investigated, but the membrane regions
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defined by diIC18(3) have a poor, but still non-negligible over-

lap with lipid rafts labeled with these two markers, on cells of

lymphoid origin.

Lipid Rafts of Lymphoid Cells’ Plasma Membrane

Show Some Compositional Heterogeneity

Among the GPI-anchored lipid raft marker proteins,

CD90 and CD59 are found mostly in T cells, while CD48 is

expressed on both T and B cells of lymphoid origin (4,6). In

contrast, CD2 is an abundant nonraft protein in T cells (35).

Key molecules of antigen presentation, the class I and class II

major histocompatibility antigens (MHC-I, MHC-II) are

expressed on both T- and B-lymphoma cells and a substantial

fraction of MHC-II was shown raft-associated on these cells

(30,36). Here we tried to map the mutual colocalization/prox-

imity of these membrane proteins with each other and with

the aforementioned lipid markers of raft domains, using

CLSM/FRET and colocalization analysis. As expected, CD48

and CD90 are firmly associated with the membrane domains

defined by both GM1/CTX-B and the anti-CHOL antibody,

AC8 (19), while the nonraft CD2 protein did not associate

with these domains (Table 1).

Concerning the MHC glycoproteins, colocalization and

FRET data consonantly show that MHC-II is associated with

raft marker GM1, in a much higher extent than MHC-I, in the

B- and T-lymphoma cells (Table 1). In addition, earlier data

have shown that MHC-II is partially detergent resistant and

that its homoassociation (clustering) on murine B lymphoma

cells was cholesterol-sensitive (30). In contrast, MHC-I clus-

ters on B lymphoma cells proved to be less sensitive to choles-

terol, but rather dictated by b2m-dependent protein–protein

affinity (37), consistent also with their very weak association

with the GM1/CTX-B-rich domains.

Despite its raft-association, MHC-II molecules show

rather weak if any colocalization/proximity with CD48. A

somewhat stronger colocalization with CD59 was observed on

the same cells. Taking these data together, the MHC-II enriched

lipid rafts of B and T lymphoma cells seem to be separate

microdomains from those enriched in CD48, but show some

degree of mutual compartmentalization with CD59. This can

be regarded as a piece of evidence for heterogeneity in protein-

composition of lipid rafts in lymphoid cells.

P-Imaging of diI-Stained Lymphoid Plasma
Membranes with Differential Polarization Microscopy

By combining the technique of differential polarization

(DP) with confocal microscopy a method has become avail-

able for imaging not only the fluorescence intensity but also

the polarization or anisotropy DP parameters. For linearly

polarized light, these include P, the degree of polarization of

the fluorescence emission, which characterizes the depolariza-

tion e.g. due to rotation of the molecules and/or due to excita-

tion energy transfer or migration in the system, linear dichro-

ism (LD) and fluorescence detected LD, which are given rise

by the anisotropic distribution of the absorbance dipoles, and

r, the anisotropy of the fluorescence emission, a quantity

which originates from the nonrandom distribution of the

Figure 1. Staining pattern of various lipid probes on human T

lymphoma cells and the colocalization of diIC18(3) with cholera

toxin B on various cell types. Alexa488-Cholera toxin B labeling

GM1,3 gangliosides (A), Alexa488-AC8 anticholesterol antibody (B)

and diIC18(3) (C) all stained Kit225 K6 T cells in a patchy fashion,

defining discrete microdomains. Membrane staining by Bodipy-

C5-phosphatidylcholine of the same cells (D) is much more ho-

mogenous. The fluorescence intensity surface plots were derived

from representative confocal microscopic equatorial optical sec-

tions (width: 0.3 mm) recorded by a 603 oil immersion objective

(N.A: 1.25). Colocalization of Alexa488-CTX B with diIC18(3) is

shown on 2PK3 murine B lymphoma (E), JY human B lympho-

blast (F), left ventricular tissue sections of raft heart (G), and L929

murine fibroblast (H) cells. The images were recorded by confocal

microscope as described earlier, the white bars indicate 10 mm.
The colocalization indices were 0.30 � 0.12 (E), 0.34 � 0.1(F), 0.26

� 0.12 (G), and 0.32 � 0.18 (H), respectively.
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emission dipoles with respect to a coordinate system fixed to

the laboratory or the sample (26).

We applied diIC18 and Bodipy-PC to probe Lo and fluid

membrane regions (Fig. 2A) on live cells by DP-CLSM. As

shown by Axelrod et al. (27) on red blood cells, the long fatty

acyl chains of diIC18(3) are aligned preferentially parallel with

the membrane normal, keeping the orientation of the indocar-

bocyanin’s absorption dipole uniformly tangential with respect

to the surface of the plasma membrane. In perfect accordance

with the expectations, diIC18(3) probe shows a similar orien-

tational behavior in both B and T lymphoblastoid cells (JY

and Kit225 K6, respectively). In microscopic samples contain-

ing nonrandom orientation of the emission dipoles, i.e. in

samples which exhibit nonzero r, P contains information both

on the anisotropic distribution of the emission dipoles with

respect to the membrane plane and on the depolarization due

to the motional freedom of the lipid-dye molecular assemblies.

This is demonstrated by the color-coded P-images of JY cells,

which in the vertical and horizontal directions are dominated

by the preferentially parallel and perpendicular orientation of

the emission dipoles, resulting in positive and negative P

values, respectively (Fig. 2B). (Note: in macroscopic samples

this information is lost due to spatial averaging; in highly ani-

sotropic samples, however, P might contain contributions

from the residual anisotropy e.g. due to photoselection and/or

due to gravitational alignment of the particles (38)).

In contrast to diIC18, Bodipy-PC is preferentially

inserted into the fluid (Ld) regions of the plasma membrane

through much shorter fatty acyl chains and the fluorophore

ring is attached only to one of them. Thus, its absorption

dipole is expected to be aligned in a less ordered fashion with

respect to the membrane surface. The color-coded representa-

tive P-images of B-PC in JY B cells (Fig. 2B) indeed show that

B-PC fluorescence is much less polarized throughout the

membrane surface than that of the diIC18. Interestingly, as

shown by the intensity and P-images of diIC18 recorded on

membrane cholesterol-depleted JY cells, the diI staining

became less patchy/more uniform, but a few large diI clusters

are formed on the cells. The averaged P values became lower

upon cholesterol depletion.

A large scale statistical analysis of Bodipy-PC and diIC18

P-images recorded on large human T lymphoma cells (Kit225

K6) resulted in similar, heterogenous P-distributions (Fig. 3).

These distributions correspond to spatial averaging, at least

for the selected sections, and thus the mean values can be

compared with macroscopic measurements. The Bodipy-PC

P-histogram is quite narrow, and at the same time the mean

value (0.09) is rather small. This reflects a highly depolarized

emission from Bodipy-PC all over the cells, and indicates a

high rotational freedom with respect to the membrane normal

and small contribution from r. In contrast, the diIC18(3) P-

histograms are significantly broadened due to large contribu-

tions from the anisotropic distribution of the emission dipoles

with respect to the membrane planes, and inhomogeneities in

the local microenvironment of the probe over the cell surface.

This difference is consistent with the intensity surface plots of

the probes (see Figs. 1C and 1D).

Depletion of membrane cholesterol slightly decreased the

width of P-distribution and shifted its mean value toward 0,

consistent with results of macroscopic steady-state polariza-

tion data with DPH probes on the same Kit225 K6 T cells

(28). Extensive crosslinking of either raft-associated CD48

GPI-anchored proteins or a nonraft protein, the transferrin re-

ceptor (CD71) both resulted in a significant positive shift in

the mean value of P-distributions (smaller rotational freedom)

of DiIC18(3) in the Kit225 K6 T cells.

FCS Analysis of the Mobility of diIC18(3) in the Plasma

Membrane. Effects of Lipid Raft Modulations

The lateral mobility of diIC18(3) was analyzed by fluores-

cence correlation microscopy (23,33,34) upon various lipid

raft modulation treatments in human Kit 225 K6 T lymphoma

cells. Typical autocorrelation curves fitted to a single compo-

nent diffusion model including triplet correction are shown in

Figure 4. The average diffusion correlation time (sD, deter-
mined from 11 cells) was 24.1 � 13.4 ms for control cells (Fig.

4A) and increased to 33.7 � 7.8 ms (n 5 12) upon crosslink-

ing CD48, a constitutively raft-localized membrane protein

(Fig. 4C). These values of sD correspond to diffusion coeffi-

cients of (6.8� 4)3 1029 cm2/s and (4.8� 1.1)3 1029 cm2/s,

Table 1. Colocalization/proximity of some membrane microdomain constituents in lymphoid cells

MEMBRANE

MOLECULE I

MEMBRANE

MOLECULE II CELLTYPE

COLOCALIZATION

INDEX

FRET

EFFICIENCY (%) REFS.a

GM1 (CTX-B) AC8 mAb Murine TH-cells, macrophages 0.65 � 0.01 n.d. (19)

GM1 (CTX-B) CD48 Kit225 K6, TH-cells 0.64 � 0.02 0.29 � 0.06

GM1 (CTX-B) CD48 Kit225 K6, TH-cells (CHOL-depleted) 0.17 � 0.01 0.06 � 0.01

GM1 (CTX-B) CD2 Kit225 K6, TH-cells 0.04 � 0.02 n.d.

AC8 mAb Thy.1(CD90) Murine TH cells 0.56 � 0.09 n.d. (19)

AC8 mAb CD2 Murine TH cells 0.06 � 0.03 n.d. (19)

MHC-I/b2-microglobulin GM1 (CTX-B) JY B-, Jurkat T-lymphoma cells 0.11 � 0.04 0.09 � 0.04

MHC-II GM1 (CTX-B) JY B-, Jurkat T-lymphoma cells 0.54 � 0.05 n.d.

MHC-II CD48 JY B-, Jurkat T-lymphoma cells 0.1 � 0.06 0.07 � 0.03

MHC-II CD59 JY B-, Jurkat T-lymphoma cells 0.37 � 0.07 n.d.

aSome data from our recent work published in Ref. 19 are given for comparison.
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respectively. The average sD was even higher, 62.9 � 42 ms

corresponding to D 5 (2.6 � 1.7) 3 1029 cm2/s (n 5 10)

when cholesterol was depleted from the plasma membrane by

MBCD treatment (Fig. 4B). We note here that in some of the

cholesterol-depleted cells the diffusion of diIC18 was extre-

mely slowed down (sD[ 100 ms), while in other cells sD was

close to that of the control cells, resulting altogether in an ele-

vated average value. These data reflect decreased local diffu-

sion rates of diIC18(3) upon both types of lipid raft modula-

tion in randomly selected membrane areas of T cells.

DISCUSSION

In the present work, first we demonstrated that a new

anti-cholesterol antibody (AC8) labeling the clustered cell

membrane cholesterol is highly enriched in the membrane

domains defined by GM1,3 gangliosides (cholera toxin labels) in

human B- and T-lymphoid cells. Although quantitative cell

surface staining with AC8 can be assessed only by a standard

limited papain digestion, snapshot imaging of cells stained by

AC8 could monitor not only the level of membrane cholesterol,

but even redistribution of rafts in the plasma membrane, such

as raft polarization upon T cell activation (19). Thus, GM1,3

gangliosides and clustered cholesterol seem to be two essential

‘‘nucleating molecular skeletal elements’’ of lipid rafts existing

in various lymphoid (T- and B-lymphocytes) or myeloid (e.g.

monocyte-macrophage) cells of the immune system. The

strong correlation between CTX-B and AC8 binding (expres-

sion) in seven different immune cells (19) indicates that regula-

tion of their expression might be complex and not independent

of each other, as proposed recently (9). Their simultaneous

application might be a useful tool in a reliable detection of raft

(or caveola) microdomains by fluorescence imaging.

Our results have also shown that some protein markers of

rafts, such as CD48, CD59, or CD90 GPI-anchored proteins

all highly colocalize with both CTX-B and AC8 in B- and T-

lymphoid cells of mouse and human origin. On the other

hand, these GPI proteins differentially colocalize with each

other and with some transmembrane proteins, such as MHC-

II or MHC-I glycoproteins. While the MHC-II-enriched raft

domains (30,36) do not overlap with the CD48-enriched rafts,

some CD59 was found in these MHC-II-clusters. Microcom-

partmentation of MHC-II by rafts may have important func-

tional consequences, both in controlling the efficiency of anti-

gen presentation (30) or through their raft/dependent and

raft/independent signaling pathways (39). Similarly, Fas recep-

tor/CD95 signaling was found differentially regulated, depend-

ing on the receptor localization in CD48-rich rafts or CD55-,

CD59-rich microdomains (40). These results together pro-

vided a piece of evidence for coexisting lipid rafts with protein

compositional diversity in lymphocytes. Similar compositional

heterogeneity of membrane microdomains was reported on

myeloid (monocyte-macrophage) cells (41) and even lipid

domains distinct from cholesterol/SM-rich rafts were

described on fibroblasts (42). Such compositional heterogene-

ity of rafts and their differential cellular localization may serve

as a compartmentation mechanism providing a tool for spa-

tiotemporal coordination of protein functions in the plasma

membrane and various subcellular structures.

A detailed confocal colocalization analysis has also shown

that the microdomains defined by both GM1,3 gangliosides/

CTX-B and the AC8 anti-cholesterol antibody overlap only

partially (weakly) with membrane domains defined by the

diIC18 probe, proposed as a nonraft marker enriched in Lo

phase domains in model membranes (8,12,20–23). This low,

but not negligible (20–30%) colocalization of diI with both

Figure 2. Model system and analysis strategy of P-imaging on

live lymphoid cells by DP-CLSM. (A) Cells are excited by horizon-

tally polarized laser beam. The scheme shows the preferred (tan-

gential) orientation of dilC18 dipoles with respect to the mem-

brane plane. For Bodipy-PC free conical rotation with respect to

the tangential axis is allowed. (B) shows the fluorescence (gray

scale, upper panels) and P (yellow-blue, lower panels) images of

dilC18(3) in control (left), and MBCD-treated (middle) JY cells and

the Bodipy-PC stained JY cells (right). In the P patterns the yellow
color codes the horizontal, while the blue the vertical dipole orien-

tations; the more saturated the color the higher the P value is;
some quantitative P values derived from the numbered ROIs are

shown as an example. The indices of P values correspond to the
indicated membrane regions: in the dilC18(3) images the dipoles

are aligned tangentially to the membrane (horizontal and vertical

orientations from horizontal and vertical membrane regions,

respectively) with relatively high values, while the P values in the
Bodipy-PC image are rather small.
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classic lipid markers of rafts could be observed on lymphoid

and myeloid cells, as well as on other cell types, such as fibro-

blasts or heart muscle cells and did not show cell type-depend-

ence. This might mean that, in contrast to model membrane

systems, in live cells the raft domains may differ in their SM

content and a fraction of diI may partition into SM-poor raft

domains. Another alternative explanation is that the constitu-

tive protein content of rafts may partially shield the molecular

immiscibility of diIC18 and SM within these domains. Taking

all these together, we can say that in live cells the Lo-Ld phase

separation is likely smoothened relative to model membranes

by the numerous proteins interacting with the lipid compo-

nents of these domains.

The recently introduced DP-CLSM technique (25,26)

proved to be useful so far in detecting macroscopic ultrastruc-

tural changes in different plant (membrane) structures using

various measuring modalities offered by the method. Here we

used the P-imaging modality of DP confocal microscopy and,

by applying diIC18 probe, we concluded that technically DP-

CLSM is capable of monitoring either probe orientations or

pixel by pixel emission polarization heterogeneities all over the

cell surface in intact lymphoid cells. While the statistical analy-

sis of P-images for the fluid phase probe Bodipy-PC has

shown a relatively narrow and quite depolarized P-distribution

over tens of T lymphoma cells, the P-distributions for diIC18

were substantially broadened with a higher mean value. This

can be accounted for by the contributions from r and possibly

also from the existence of small scale ordered membrane

regions (including partly rafts), as compared with B-PC which

is homogenously labeling the fluid membrane regions.

Modification of lipid raft microdomains by either choles-

terol depletion (domain disruption) or by crosslinking of raft-

localized proteins, such as CD48 (domain aggregation), both

sensitively influenced the P-distributions derived from P-

images recorded on T cells. Aggregation of rafts through CD48

crosslinking and interestingly crosslinking of a nonraft protein

transferrin receptor (CD71), both shifted the mean of the P-

distribution toward a higher value (restricted rotational free-

dom). These changes might arise partially from the reduced

rotational freedom of ‘‘raft-captured’’ diI molecules and/or

from a dynamic coupling between the coalesced rafts and their

partially ordered lipid neighborhood, where binding of diIC18

to certain proteins may increase upon their aggregation. Such

phenomenon was reported earlier for FceRI on mast cells,

where antigens could induce a large scale coaggregation of

lipids with the clustered receptors (43).

This mechanism, as a model of raft-mediated membrane

reorganization was studied later in a relatively simple model

membrane system (44) and it was shown that crosslinking of a

raft lipid (such as GM1) or a single raft protein (such as Thy1/

Figure 3. Distribution of P values detected for diIC18(3) and Bodipy-PC on Kit225 K6 T lymphoma cells: effect of membrane raft modifica-
tions. The P values, indicated on the X axis, were measured for selected cells (8�10/graph) by recording DP-CLSM images. The Y axis
shows the normalized number of pixels with a given P value. Panels A�D display diIC18(3) fluorescence P-histograms in control, MBCD
treated, CD48-crosslinked, and CD71-crosslinked T cells, respectively. Panel E shows P-histogram of Bodipy-PC probe in control, untreated

K6 T cells. TheM values on all panels display the mean P value while the w values display the width of Gaussian from a Gauss-Marquardt

fitting of data.
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CD90) may result in coexistence of phase separated Ld and Lo

domains, at least in such models. Our DP-CLSM imaging data

on diIC18 probe in live lymphocytes confirm that this might

be an operating mechanism, when raft proteins, e.g. CD48 are

crosslinked. The membrane reorganization induced by CD48

or CD71 crosslinking can also influence local diffusion proper-

ties of the investigated diIC18 probes either through the

increased size of obstacles against their free diffusion or

through an increase in the affinity of lipid–protein interaction

upon protein aggregation, consistently with our present FCS

microscopic data.

In conclusion, our data provided several pieces of evi-

dence for protein compositional diversity of lipid rafts in live

lymphoid cells. It was also shown that Lo (liquid ordered)

domains defined by the diIC18 probe weakly overlap with the

raft microdomains defined by GM1,3 gangliosides and the new

anti-cholesterol antibody reactive with clustered cholesterol.

Finally, we demonstrated usefulness of the DP imaging in live

human lymphoma cells. Using diIC18 probe, the P-images, in

accordance with FCS microscopic data revealed a dynamic

coupling between raft modulations and the neighboring lipid

regions. To elucidate the mechanistic details of the latter, how-

ever, requires further analysis.
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6. Matkó J, Szöll}osi J. Regulatory apects of membrane microdomain (raft) dynamics in
live cells: A biophysical approach. In: Mattson M, editor. Membrane Microdomain
Signaling: Lipid Rafts in Biology and Medicine. Totowa, NJ: Humana Press; 2004. pp
15–46.

7. Rosenberger CM, Brumell JH, Finlay BB. Microbial pathogenesis: Lipid rafts as
pathogen portals. Curr Biol 2000;10:R823–825.

8. Maekawa S, Iino S, Miyata S. Molecular characterization of detergent-insoluble cho-
lesterol-rich membrane microdomain (raft) of the central nervous system. Biochim
Biophys Acta 2003;1610:261–270.

9. Wolf Z, Orso E, Werner T, Klunemann HH, Schmitz G. Monocyte cholesterol home-
ostasis correlates with the presence of detergent resistant membrane microdomains.
Cytometry A 2007;71A:486–494.

10. Grandl M, Bared SM, Liebisch G, Werner T, Barlage S, Schmitz G. E-LDL and Ox-
LDL differentially regulate ceramide and cholesterol raft microdomains in human
macrophages. Cytometry A 2006;69A:189–191.

11. Wu M, Holowka D, Craighead HD. Baird B. Visualization of plasma membrane
compartmentalization with patterned lipid bilayers. Proc Natl Acad Sci USA
2004;101:13798–13803.

12. Edel JB, Wu M, Baird B, Craighead HG. High spatial resolution observation of
single-molecule dynamics in living cell membranes. Biophys J 2005;88:L43–L45.

13. Kusumi A, Nakada C, Ritchie K, Murase K, Suzuki K, Murakoshi H, Kasai RS, Kondo
J, Fujiwara T. Paradigm shift of the plasma membrane concept from the two-dimen-
sional continuum fluid to the partitioned fluid: High-speed single-molecule tracking
of membrane molecules. Annu Rev Biophys Biomol Struct 2005;34:351–378.

14. Kahya N, Schwille P. Fluorescence correlation studies of lipid domains in model
membranes. Mol Membr Biol 2006;23:29–39.
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