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Abstract

Evidence has been accumulated that the plasma membrane of various mammalian cell types is heterogeneous in structure a
may contain lipid microdomains (lipid rafts). This study focuses on the membrane organization of living oligodendrocytes, which
are the myelin-producing cells of the central nervous system. Fluorescence correlation spectroscopy (FCS) was used to monitc
the lateral diffusion of a lipid and of a protein in the oligodendroglial cell line OLN-93. The lipid was fluorescently labelled
sphingomyelin (Bodipy FL-C5 SM). The protein was the myelin oligodendrocyte glycoprotein (MOG). In order to monitor the
lateral diffusion of MOG, OLN-93 cells were transfected with a MOG—EGFP (enhanced green fluorescent protein) fusion plasmid.
The measurements were performed at room temperature. FCS data were analyzed for two-dimensional (2D) diffusion according
to three models which all included a triplet fraction: (a) 2D 1 component (2D1C), (b) 2D anomalous diffusiono(ghd
(c) 2D 2 components (2D2C). Preliminary results indicate that for the lipid case, the best fits are obtained with 2D2C. In the case of
MOG-EGFP, 2D2C and 2D1&give fits of similar quality. The parameter estimates obtained with 2l h@wever, have a lower
standard deviation. The anomaly parameter for MOG-EGFBBD0.01. To cite this article: E. Gielen et al., C. R. Biologies
328 (2005).

0 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

La diffusion de la sphingomyéline et de la glycoprotéine de la myéline oligodendrocytaire dans la membrane de cellules
de la lignée oligodendrocytaire (OLN-93) étudiée par spectroscopie de corrélation de fluorescence (FQBemble de mieux
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en mieux établi que la membrane plasmique de nombreux types cellulaires de mammiféres est hétérogene et composée de mi
domaines lipidiques (radeaux lipidiqueslgid rafts). Dans ce travail, nous nous sommes intéressés a I'organisation membranaire
des oligodendrocytes, les cellules myélinisantes du systéme nerveux central. Nous avons utilisé la spectroscopie a corrélation
fluorescencefluorescence correlation spectroscopy, F@8ur mesurer la diffusion latérale d’un lipide et d’'une protéine dans la
lignée cellulaire oligodendrogliale OLN-93. Le lipide était la sphingomyéline marquée de facon fluorescente (Bodipy FL-C5 SM).
La protéine était la glycoprotéine de la myéline oligodendrocytaire (MOG). Pour mesurer la diffusion latérale de la MOG, les
cellules OLN-93 ont été transfectées a I'aide d’'une fusion vecteur MOG—E&HRi(ced green fluorescent profeines mesures

ont été réalisées a température ambiante. Les données de FCS ont été analysées pour étudier la diffusion en deux dimensions {
selon trois modéles indépendants, incluant chacun une fraction de triplet : (a) 2D a un composan)(ZD)J12D a diffusion
anormale et (¢) 2D a deux composants (2D2C). Nos résultats préliminaires suggerent que, dans le cas de la sphingomyéline,
meilleures tendances sont obtenues avec le modele 2D2C. Dans le cas de la MOG—-EGFP, les modéles 2D2Cden?iehC

des prévisions de qualités similaires. Les estimations paramétriques obtenues avec le modeler&@&@Bendant une déviation
standard plus faible. Le paramétre d’anormalité pour la MOG—EGFP esbfet®,01. Pour citer cet article: E. Gielen et al.,

C. R. Biologies 328 (2005).
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1. Introduction homeostasis, vesicular trafficking and signal transduc-
tion [10,11] They are enriched in glycosphingolipids
Multiple sclerosis (MS) is one of the most common (GSLs), cholesterol and in the protein caveolin. A sec-
chronic and disabling disorders of the central nervous ond class of membrane inhomogeneities, found by bio-
system (CNS). The disease affects about 0.1% of the chemical methods, are the so-called lipid rafts, which
population in temperate climat¢s] and shows a strik-  are enriched in cholesterol and saturated lipids, such
ing female predominance-l.6:1)[2]. Its clinical mani- as GSLs and sphingomyelin. Lipid rafts range from
festations typically appear in young adulthood between tens of nanometres to several micrometers in size and
the ages of 20 and 40. Although these clinical mani- are thought to be involved in a variety of dynamic
festations may be variable and unpredictable, the mostprocesses, such as protein and lipid sorting, signal trans-
common symptoms include chronic or relapsing paral- duction and pathogen entfit2—15] In the literature,
ysis, visual and sensory impairment, and problems of lipid rafts are also known as detergent-insoluble mem-
strength and coordinatidi,4]. branes, detergent-resistant membranes, GSL-enriched
A central event in the pathogenesis of MS is the membranes, detergent-insoluble glycolipid-rich mem-
degradation of myelin. Myelin is a fatty material that branes, and Triton-insoluble floating fractiof$6].
surrounds the axons allowing the nerve cell to transmit Based on detergent extractions, several myelin pro-
its action potentials rapidly. The myelin in the CNS is teins have been identified in lipid rafts7—22] A third
produced by oligodendrocytes (OLGS). type of membrane inhomogeneity, derived from single-
The plasma membrane of eukaryotic cells was once particle tracking, is the confined diffusion of membrane
believed to be a lipid sea in which lipids and pro- components within the so-called corrals. These mem-
teins could diffuse freely. However, even though the brane compartments are made up by the membrane-
cell membrane is a two-dimensional, liquid-like struc- associated actin cytoskeleton (fences) and by rows of
ture, it is far from being a homogeneous mixture of transmembrane proteins anchored to it (pick€k)The
lipids and proteing5-8]. Rather it is a non-ideal lig-  size of the membrane compartments or corrals ranges
uid mixture of molecules, with variable degrees of between 30 and 250 nm and the residency time within
mutual miscibility [9]. As a consequence, the cell acompartment varies from 1 msto 1 s. Both character-
membrane contains a variety of molecular complexes istics depend on the cell type and the molecule under
and domains, characterized by different composition study[9].
and spatial arrangement of the membrane-constituting  The aim of this study is to investigate the membrane
lipids. One of the structures found in the plasma mem- organization of living OLGs. Fluorescence correlation
brane of many eukaryotic cells are caveolae. Caveolaespectroscopy (FCS) can be used to monitor the lateral
are small (50-100 nm) flask-shaped invaginations of diffusion of raft and non-raft componenf3] and is
the plasma membrane that are involved in cholesterol applied here on the oligodendroglial cell line OLN-93
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of MOG was PCR-cloned into the eukaryotic expres-
sion vector pEGFP-N1 (BD Biosciences Clontech, Palo
Alto, CA, USA). The Ringer solution contained (in
mM): 145 NaCl, 5.4 KCI, 1.8 MgGl, 20 HEPES, 25
glucose; pH was adjusted to 7.4 with Tris at room tem-
perature (osmolality-320 mOsnikg H20).

2.2. Cell culture and sample preparation

OLN-93 cells (oligodendroglioma derived from pri-
mary rat brain glial cultures) were kindly provided by
Dr Richter-Landsberg, Oldenburg, Germg@y]. The
cells (Fig. 2A) were grown in 8-well glass LabTek
chambers (Nalge Nunc Intl., Rochester, NY, USA) in
a growth medium (GM) containing Dulbecco’s mod-
ified Eagle medium (DMEM; Ref: 41965-039 Gibco,
Invitrogen, Carlsbad, CA, USA) supplemented with
10% foetal clone serum (FCS), 5¢/dl penicillin and

Fig. 1. Schematic representation of the MOG-EGFP structure and or- 50 pg/ml streptomycin (Life Sciences, Carlsbad, CA) in
ganization in the myelin membrane. EGFP is linked to the C-terminus g humidified 10% C@ incubator at 37C. Cells were

of MOG. EGFP not drawn to scale.

using fluorescently labelled sphingomyelin (Bodipy FL-
C5 SM) and the MOG-EGFP fusion protelrd. 1).

2. Materials and methods
2.1. Chemicals and solutions

Bodipy FL-C5 SM was obtained from Molecular

either transiently transfected with the pMOG-EGFP
construct by means of lipofection (1.2 ug DNA and
1.5 pl LF2000R in 200 ul Optimem){g. 2B and C)

or labelled with Bodipy FL-C5 SM (1.6 uM in Ringer

5 min at room temperatureffig. 2D and E). For choles-
terol depletion, measurements were performed in the
continuous presence of 5 mM methgteyclodextrin
(mBCD; Fluka, Sigma-Aldrich NV/SA, Bornem, Bel-

Probes, Inc. (Eugene, OR, USA). The complete cDNA gium).
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Fig. 2. (A) Transmission image of OLN-93 cells (scale bar 20 pB);&) OLN-93 cell expressing MOG-EGFP (scale bar 5 urB)). fluores-
cence image,q) transmission imageD-E) OLN-93 cell labelled with Bodipy FL-C5 sphingomyelin (scale bar 5 pm): fluorescence image;
(E) transmission image. Images were taken with a Zeiss LSM 510 META confocal laser scanning microscope.
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2.3. Confocal imaging and FCS

FCS and confocal microscopy optical sectioning
were carried out with a Zeiss Confocor 2 with ax40
NA 1.2 water immersion objective and a Zeiss LSM 510
META confocal laser scanning microscope using a Plan
Neo Fluar 46, NA 1.3 oil immersion objective. Sam-
ples were excited with a 488-nm Ar ion laser at low
average laser power at the sample positioB, uW, to
prevent photobleaching as much as posdib#g. A to-
tal of 10 correlation curves of 15 s each were collected
on a single cell using a BP 505-530-nm emission fil-

ter. Correction for autofluorescence was not necessatry.

The traces were immediately analysed with the Con-
focor 2 FCS software for validity. For MOG-EGFP,
a pre-bleaching illumination period of 5 s was used
prior to data collection. All measurements were per-
formed at the membrane facing the glass bottom of
the chamber since the top membrane (i.e. facing the
bathing solution) suffered from severe fluctuations in
the z-direction. Each day the excitation volume calibra-
tion was carried out with a Rhodamine 6G solution. The
structure paramete§ (S = w;/w,y, Wherew, andwy,

are the axial and latera) 2 parameters of the Gaussian
detection volume, respectively) was between 4.6 and
7.7. The experiments were performed at room tempera-
ture to reduce the mobility of the cells.

A homemade macro in Origin (OriginLab Corp.,
Northhampton, MA, USA), allowing to pool various au-
tocorrelation functions (ACFs) in a weighted s(i2g],
was used to analyse the data. Except for the first curve

E. Gielen et al. / C. R. Biologies 328 (2005) 1057-1064

3. Results
3.1. Bodipy FL-C5 SM

In the case of Bodipy FL-C5 SM, a total of 17 cells
were sampled. As can be concluded fréig. 2D, the
majority of the signal comes from Bodipy FL-C5 SM,
which has been incorporated into the plasma membrane.
However, it has to be noted that SM is internalized over
time as can be concluded from the fluorescence found
in the Golgi.

The 2D1C free diffusion and 2D1&Canomalous dif-
fusion fits are shown irFig. 3A and B, respectively.
As can be concluded from the residuals versus time
plots, both models yield rather low-quality fits. The only
model that fits the data well is 2D2&i¢. 3C). The
obtained parameter values are showriTable 1 The
calculated ACF without triplet contribution is depicted
in Fig. 4. The fast-diffusing fraction is on the order of
10% (D = 69+ 15 punts—1). The majority of the mole-
cules £-90%) have a much smaller diffusion coefficient
(D = 0.368+ 0.004 pnts—1). Measurements on differ-
ent cell batches (different passage numbers) yield fairly
reproducible resultstéble 1andFig. 4).

To elucidate the involvement of cholesterol, the ef-
fect of the presence of the cholesterol removing agent
mpCD was investigated on 11 cells. Also, in this case,
the best fits were obtained with the 2D2C model (data
not shown). Cholesterol depletion resulted in a decrease
of the fraction of the slowly moving componenta-

of each set, which was not taken into account becauseble 1) and in a clearly different ACHHg. 4).

of bleaching effects, all remaining ACFs were pooled
in a single analysis. The data were analyzed for 2D-
diffusion according to Eq(1):

1-Tl-e7m) & F;
NA-T) =1+ (t/w)”

where 71 is the triplet decay time7 the triplet frac-
tion, p, the translational diffusion time of component

M the number of diffusion componentd, the average
number of particles in the confocal volume afdthe
fractional contribution of component with Y F; = 1.

It is assumed that all species have the same triplet

Gr)=1+ 1)

characteristics. Three different models have been used:

@M=1,a=1 (2D1C), ()M =2,a =1 (2D2C)
and (c)M =1, « <1 (2D1Cx). For anomalous diffu-
sion, the mean square displacemérfy is no longer
proportional to the time, but rather ta®, with a < 1
[27]. Diffusion coefficients D) were evaluated accord-
ingto D; = a)z/(4rDi), wherew is the lateral radius of
the observation volume in the plane of the membrane.

3.2. MOG-EGFP

Fig. 2B shows that OLN-93 cells transfected with
the pMOG-EGFP construct indeed are capable of pro-
ducing the fusion protein. Furthermore, the clear de-
lineation of the cells indicates that MOG-EGFP is in-
corporated into the plasma membrane. Even though
the Golgi and the cytosol of OLN-93 cells expressing
MOG-EGFP contain fusion proteins, the vast majority
of the signal is attributed to MOG—EGFP incorporated
in the plasma membran€ify. 2B).

The analysis was performed on the data obtained
for nine cells. The 2D1C free diffusion fit is shown in
Fig. 5A. As can be concluded from the residuals ver-
sus time curve, this model is not appropriate. 2x1C
and 2D2C, respectively shown Fig. 5B and C, give
fits of similar quality. Parameter values are listeda:
ble 2 The anomaly parameter found for MOG-EGFP is
0.59+0.01.
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Fig. 3. Average ACF (grey line) corresponding to the diffusion of Bodipy FL-C5 SM in the plasma membrane of living OLN-93 cells fitted with
different models (black lines)A() 2D1C; B) 2D1Cx; (C) 2D2C. The upper part of the figure shows the residuals versus time plots.

Table 1

Diffusion characteristics of Bodipy FL-C5 SM in the plasma membrane of living OLN-93cells

Passage No. n Treatment F1 (%) D1 (U2 s—1) Dy (pmés—1)
4 17 - 82+0.7 0.368+0.004 69+ 15

6 5 - 877+1.1 0.383+0.005 102+ 30

6 11 5mM n3CD 684+0.8 0.490+ 0.007 157+ 17

t1=5+1ps;T =20+ 1% (see Eq(1)).
n = number of cells.
* Uncertainties are reported as standard deviation.

0.61
©
O 04- ---- p4 control

— p6 control
024 ——p6mpCD
0.0 uJ U i uJ i
1E-3  0.01 0.1 1 10 100
T (ms)

Fig. 4. Normalized ACF calculated without taking into account the
triplet contribution and using the parameter values showrairie 1

Data correspond to the diffusion of Bodipy FL-C5 SM in the plasma
membrane of living OLN-93 cells. Control measurements were per-

4. Discussion and conclusions

For the lipid case, the best fits were obtained with
2D2C. The majority of the SM molecules diffuse slowly
in the plasma membrane and the corresponding diffu-
sion coefficient is in the same order of magnitude as
those reported by others for lipid probes in biological
membraned23,28] Only 10% has a very large dif-
fusion coefficient of about 69 phs 1. This fraction
not only increases after depletion of cholesterol with
mpCD, its diffusion coefficient even doubles. However,
at this point it is not clear what the origin of the fast dif-
fusing fraction is. Such high-diffusion coefficients for
lipids in the plasma membrane have not been reported
yet. It might well be that this fraction represents dye
in solution. MBCD may not only extract cholesterol
from the membrane, but also the fluorescently labelled
sphingomyelin[29]. If this is indeed the case, the fast

formed on different cell passages, p4 (- - -) and p6 (—). Measurements diffusing fraction, which only corresponds to the minor-

in the continuous presence of 5 MM@D (—) were performed on
cells of passage 6.

ity of the monitored molecules, would correspond with
the m3CD-Bodipy FL-C5 SM complexes in the Ringer
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Fig. 5. Average ACF (grey line) corresponding to the diffusion of MOG—|

EGFP in the plasma membrane of living OLN-93 cells fitted with different

models (black lines):A) 2D1C; B) 2D1Cx; (C) 2D2C. The upper part of the figure shows the residuals-versus-time plots.

Table 2

Diffusion characteristics of MOG-EGFP in the plasma membrane of living OLN-93 cells

Model Fy (%) D1 (um?s1) Dy (umP s o T (US) T (%)
2D1Cx 100 224+ 0.06 na 059+ 0.01 128+ 0.1 164+0.7
2D2C 62+ 1 0.24+0.01 77+£05 na 141+ 1.0 182+ 0.5

t1=14+1ps;T =173+ 0.7% (see Eq(1)).
na: not applicable.
* Uncertainties are reported as standard deviation.

solution. The high value of the diffusion coefficient for
the minor fraction, 6 15 pn? s 1, compares well with
the value obtained for bovine serum albumin (67 kDa)
in buffer at 25°C, i.e. 58+ 5 pn? s~1 [30]. This may
suggest that the high values of the diffusion coefficient
might be due to freely diffusing complexes of Bod-
ipy FL-C5 SM in the bathing solution. To verify this
hypothesis, the diffusion of complexes ofg@D and
Bodipy FL-C5 SM in Ringer will be determined. The
extraction of SM from the membrane can be avoided all
together by using cholesterol oxidase instead gGD
[28].

The diffusion coefficient of the major — slowly dif-
fusing — fraction increases about 25% after depletion
of cholesterol (from 0.36 to 0.49 1fs1). This is in
contrast to the results of Marguet et @8], who found
that the diffusion coefficient of Bodipy FL-C5 SM in the

to 0.76 pnd s~ 1 after cholesterol depletion. Marguet and
co-workers did not use D to deplete cholesterol,
but the enzyme cholesterol oxidase instead. Neverthe-
less, in both cases (control and cholesterol depleted)
Bodipy FL-C5 SM seems to move more slowly in the
plasma membrane of OLN-93 cells. This might be due
to the high cholesterol and glycosphingolipid content of
cells of the oligodendroglial lineage, which may result
in a substantially more rigid membrane.

In order to compare the diffusional behaviour of
Bodipy FL-C5 SM with that of a putative raft marker,
measurements will also be performed on cells labelled
with Bodipy FL C5-ganglioside GM1.

Looking at the MOG—EGFP analysis results, 2D2C
and 2D1Cx gave fits of similar quality. The parame-
ter estimates obtained with 2D&C however, have a
smaller standard deviation, which may be explained by

plasma membrane of COS-7 cells decreases from 1.34the greater generality of the anomalous diffusion model
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[31]. Nevertheless, it is difficult to decide just from the  [3] D.E. McFarlin, H.F. McFarland, Multiple sclerosis (first of two
quality of the fits which model is more appropriate. parts), N. Engl. J. Med. 307 (19) (1982) 1183-1188.
In case of the 2D2C analysis a slow (O.&4 [4] D.E. McFarlin, H.F. McFarland, Multiple sclerosis (second of

—1 -1 two parts), N. Engl. J. Med. 307 (20) (1982) 1246-1251.
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