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Abstract Treatment with methyl--cyclodextrin (MCD) in-
duced a time- and dose-dependent efflux of cholesterol,
sphingolipids, and phosphatidylcholine (PC) from cerebel-
lar neurons differentiated in culture. With a “mild” treat-
ment, the loss of cell lipids induced a deep reorganization
of the remaining membrane lipids. In fact, the amount of
PC associated with a Triton X-100-insoluble membrane frac-
tion (highly enriched in sphingolipids and cholesterol in
nontreated cells) was lowered by the treatment. This sug-
gested a reduction of the lipid domain area. However, the
cholesterol and sphingolipid enrichment of this fraction re-
mained substantially unchanged, suggesting the existence
of dynamic processes aimed at preserving the segregation
of cholesterol and sphingolipids in membrane domains.
Under these conditions, the lipid membrane domains re-
tained the ability to sort signaling proteins, such as Lyn and
c-Src, but cells displayed deep alterations in their mem-
brane permeability. However, normal membrane perme-
ability was restored by loading cells with cholesterol. When
MCD treatment was more stringent, a large loss of cell lip-
ids occurred, and the lipid domains were much less en-
riched in cholesterol and lost the ability to sort specific pro-
teins.fll The loss of the integrity and properties of lipid
domains was accompanied by severe changes in the mem-
brane permeability, distress, and eventually cell death.—Ot-
tico, E., A. Prinetti, S. Prioni, C. Giannotta, L. Basso, V.
Chigorno, and S. Sonnino. Dynamics of membrane lipid
domains in neuronal cells differentiated in culture. J. Lipid
Res. 2003. 44: 2142-2151.
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A number of data deriving from very heterogeneous re-
search areas and experimental approaches, including bio-
chemical analysis, optical and electron immunomicros-
copy, atom force microscopy, and single particle tracking
[as reviewed in ref. (1)], led to the notion that membrane
complex lipids are not randomly distributed within a cell
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membrane but form lipid domains, where sphingolipids
and cholesterol are segregated in dipalmitoylphosphati-
dylcholine-rich membrane areas. These domains are in-
volved in the trafficking and sorting of specific proteins, as
well as in signal transduction processes (2, 3). The lipid
domain composition and the machinery of signal trans-
duction were extensively studied in neurons (4-14). In
neurons and neuronal cell lines, many lines of evidence
suggest that lipid membrane domains or multimolecular
complexes localized within such domains are directly in-
volved in the process of neuronal differentiation. As a
well-documented example, in cerebellar neurons sponta-
neously differentiating in culture, neuronal differentia-
tion is accompanied by a marked increase in the mem-
brane area occupied by these domains and by deep
changes in their lipid composition (8, 9). In particular,
lipid membrane domains from fully differentiated neu-
rons bear the highest sphingolipid density and content
with respect to undifferentiated and senescent cells, while
cholesterol relative content steadily and markedly de-
creases with in vitro development (9). Particularly signifi-
cant seem to be the interactions of sphingolipids with pro-

Abbreviations: BME, basal modified Eagle’s medium; HPTLC,
high-performance thin-layer chromatography; [1-*H]sphingosine,
(28,3R 4E)-2-amino-1,3-dihydroxy-[1-*H]octadecene; MCD, methyl-3-
cyclodextrin; MTT, 3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyltetrazolium
bromide; PC, phosphatidylcholine; SM, sphingomyelin.

! Ganglioside and glycosphingolipid nomenclature is in accordance
with Svennerholm (Svennerholm, L. 1980. Adv. Exp. Med. Biol. 125: 11)
and the IUPAC-IUBMB recommendations (IUPAC-IUBMB Joint Com-
mission on Biochemical Nomenclature. 1997. Pure Appl. Chem. 69:
2475-87; 1998. Carbohydr. Res. 312: 167-17). GM1, B-Gal-(1-3)-B-Gal-
NAc-(14)-[a-NeubAc-(2-3) ]-B-Gal-(1-4)-B-Glc-(1-1)-Cer; GD3, a-NeubAc-
(2-8)-a-NeubAc-(2-3)-B-Gal-(1-4)-p-Glc-(1-1)-Cer; GD1a, o-NeubAc-(2-
3)-3-Gal-(1-3)-3-GalNAc-(1-4)-[a-NeubAc-(2-3) |- B-Gal-(1-4)-3-Glc-(1-1)-Cer;
GD1b, B-Gal-(1-3)-B-GalNAc-(1-4)-[a-NeubAc-(2-8)-a-NeubAc-(2-3) |-
B-Gal-(1-4)-B-Glc-(1-1)-Cer; O-Ac-GT1b a-NeubAc-(2-3)-B-Gal-(1-3)-
B-GalNAc-(1-4)-[a-Neub,9Acy-(2-8)-a-NeubAc-(2-3) ]-B-Gal-(1-4)-B-Glc-
(1-1)-Cer; GT1b, a-NeubAc-(2-3)-B-Gal-(1-3)-B-GalNAc-(1-4)-[a-NeubAc-
(2-8)-a-NeubAc-(2-3) ]-B-Gal-(1-4)-B-Glc-(1-1)-Cer; GQ1b, a-NeubAc-(2-
8)-a-NeubAc-(2-3)-B-Gal-(1-3)-GalNAc-(14)-[a-NeubAc-(2-8)-a-NeubAc-
(2-3) ]-B-Gal-(1-4)-3-Glc-(1-1)-Cer.
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tein kinases of the Src family, probably the most typical
protein family localized in lipid domains, as well as with
other proteins implicated in the Src signaling cassette (4,
7, 8-14). Interestingly, the lipid composition changes
were accompanied by changes in the association of signal-
ing molecules with the lipid membrane domain during
neuronal cell differentiation (9). Similarly, in the case of
Neuro2a, neuroblastoma cell differentiation induced by
treatment with exogenous gangliosides (likely able to arti-
ficially increase the ganglioside content of lipid membrane
domains), activation of c-Src kinase, and dissociation of
Csk from the lipid membrane domain were observed (4).
These findings suggest a direct link between the lipid
composition of lipid membrane domains and their biolog-
ical and functional properties as signaling units. However,
the molecular basis of this link is poorly understood.

A very promising experimental approach to a better un-
derstanding of the involvement of lipids in the structural
and functional properties of membrane domains is repre-
sented by the artificial manipulation of lipid composition
and/or organization within these structures. To this pur-
pose, a wide variety of experimental approaches allowing
the downregulation of the biosynthesis of membrane lip-
ids (15-21) or the lowering of cholesterol levels in the
plasma membrane by external ligands (20-28) has been
introduced. Among these tools, the extraction of choles-
terol from cells by treatment with cyclodextrins is certainly
the most widely used, as evidenced by the hundreds of pa-
pers found combining the two key words “cyclodextrin”
and “cholesterol” in a Medline search from 1996 to the
present. However, although the efflux of cholesterol me-
diated by cyclodextrin has been studied in detail, only lim-
ited information can be found regarding the effect of cy-
clodextrins on the possible removal of other complex
lipids from living cells (24, 25, 29, 30). This is quite sur-
prising, insofar as it is known that cyclodextrins are able to
form complexes with sphingolipid monomers (31-33)
and to disrupt ganglioside aggregates (32).

In the present study, we analyzed the efflux of choles-
terol, sphingolipids, and glycerophospholipids from cells
and the changes in the composition of membrane lipid
domains after treating rat cerebellar granule cells differ-
entiated in culture with methyl-B-cyclodextrin (MCD).
Our data provide a new scenario, in which the membrane
lipid domains appear as dynamic structures whose exist-
ence strongly influences cell membrane properties.

EXPERIMENTAL PROCEDURES

Materials

Commercial chemicals were the purest available, common sol-
vents were distilled before use, and water was doubly distilled in a
glass apparatus. MCD, trypsin, crystalline BSA, and several re-
agents for cell culture were purchased from Sigma Chemicals.
Basal modified Eagle’s medium (BME) and fetal calf serum were
purchased from EuroClone. Sphingosine was prepared from
cerebroside (34). Standard sphingolipids and glycerophospho-
lipids were extracted from rat brain, purified, and characterized

(35). [1-*H]sphingosine was prepared by specific chemical oxi-
dation of the primary hydroxyl group of sphingosine, followed
by reduction with sodium boro[*H]hydride (36) (radiochemical
purity over 98%; specific radioactivity 2 Ci/mmol). *H-labeled
lipids were extracted from [1-*H]sphingosine-fed cells, purified,
characterized, and used as chromatographic standards. [9,10(n)-
3H]palrnitic acid, 55.0 Ci/mmol, was from Amersham Pharmacia
Biotech. Anti-Lyn, anti-c-Src, anti-Akt rabbit polyclonal IgG, and
horseradish peroxidase-conjugated secondary antibodies were
from Santa Cruz Biotechnology.

Cell cultures

Granule cells obtained from the cerebellum of 8-day-old Har-
lan Sprague-Dawley rats were prepared and cultured as de-
scribed (37-39). The cells were seeded in 60 mm or 100 mm
dishes at a density of 0.155 X 106 cells/cm? and cultured with
BME containing 10% fetal calf serum. Primary cultures from 8-day-
old rat cerebellum are highly enriched in neurons. In these cul-
tures, about 90% of the cells are immature excitatory granule
cells. The replication of non-neuronal cells was prevented by
adding 10 wM cytosine arabinoside to the culture medium. Rat
cerebellar granule cells in culture spontaneously undergo a de-
velopmental pattern that resembles that of cerebellar neurons in
vivo, reaching a mature state after 8 days. The eighth day in cul-
ture corresponds to morphologically and biochemically fully dif-
ferentiated neurons; the cells are mostly grouped in large ag-
gregates, connected by a complex net of fasciculate fibers
characterized by the presence of axo-axonic synapses. From the
biochemical point of view, granule cells at this stage of in vitro
development are characterized by the expression of voltage-
dependent sodium channels, neurotransmitter receptors, neu-
ronal surface sialoglycoproteins, and by the ability to synthesize
glutamate and release this neurotransmitter under depolarizing
conditions (37, 40). Typical protein content was 700 wg of protein/
dish. Cell integrity was assessed by the Trypan blue exclusion
method, and cell mitochondrial metabolic activity was deter-
mined with the 3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyltetrazo-
lium bromide (MTT) test (41).

Treatment of cell cultures with [1-3H]sphingosine

Cells at the sixth day in culture were incubated in the pres-
ence of 3 X 1078 M [1-*H]sphingosine (2 ml/dish, or 5 ml/dish
for 60 mm or 100 mm dishes, respectively) in cell-conditioned
medium for a 2 h pulse followed by a 48 h chase. Under these
conditions, free radioactive sphingosine was barely detectable in
the cells, and all cell sphingolipids and phosphatidylethanola-
mine (obtained by recycling of radioactive ethanolamine formed
in the catabolism of [1-*H]sphingosine) were metabolically ra-
diolabeled (8).

Treatment of cell cultures with [9,10(n)-*H]palmitic acid

Cells at the fifth day in culture were incubated in the presence
of 4,5 X 10~7 M [9,10(n)-*H]palmitic acid (2 ml/dish) in cell-
conditioned medium for a 24 h pulse followed by a 48 h chase.
Under these conditions, all cell sphingolipids and glycerolipids
were metabolically radiolabeled (42).

Treatment of cell cultures with MCD

After sphingolipid metabolic labeling as described in the pre-
vious section, cells at the eighth day in culture were treated with
MCD as follows. At the time of the experiments, the chase me-
dium was discarded and dishes (60 mm dishes) were washed
three times with 1 ml Locke’s balanced saline solution [156 mM
NaCl, 5.6 mM KCI, 3.6 mM NaHCOs, 2.3 mM CaCl,, 1 mM
MgCly, 5.6 mM glucose, 5 mM HEPES (pH 7.4)] prewarmed to
37°C. Cells were incubated in the presence of 2 ml Locke’s solu-
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tion (incubation buffer) containing different concentrations of
MCD (1-10 mM) or not (control) at 37°C for different times (5—
120 min). Incubation buffer was removed, centrifuged at 1,000 g
for 10 min to remove detached cells and cell debris, and stored
at —80°C until lipid analysis. The number of cells remaining af-
ter each treatment was determined by counting the cells in 4-5
random fields in each dish using a phase-contrast microscope.
Cells were quickly harvested in ice-cold water, snap frozen, lyo-
philized, and stored at —80°C until lipid analysis.

Cholesterol repletion

Cells at the eighth day in culture were treated with 1-5 mM
MCD or with incubation buffer for 30 min as described in the
previous section. The incubation buffer was removed, and cells
were further incubated for 1 h in BME or in BME containing 16
pg/ml cholesterol and 0.4% MCD complex. A stock solution of
0.4 mg/ml cholesterol and 10% MCD was prepared by adding
200 wl cholesterol solution (20 mg/ml in ethanol) to 10 ml of
10% MCD in BME and vortexing at ~40°C (23).

Sucrose gradient centrifugation

After metabolic radiolabeling with [1-3H]sphingosine or
[9,10(n)-3H]palmitic acid, cells were treated with 5 mM or 10
mM MCD in Locke’s solution or Locke’s alone (control) for 30
min at 37°C as described above. The number of cells remaining
after each treatment was determined as described above. Cells
were subjected to ultracentrifugation on discontinuous sucrose
gradients as previously described (4, 8). Briefly, cells were har-
vested, lysed in lysis buffer [1% Triton X-100, 10 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 5 mM EDTA, 1 mM NagVO, 1 mM
PMSF, 75 mU/ml aprotinin, 5-8 X 107 cells/ml], and Dounce
homogenized (10 strokes, tight). Cell lysate was centrifuged (5
min, 1,300 g) to remove nuclei and cellular debris. The postnu-
clear fraction was mixed with an equal volume of 85% sucrose
(w/v) in 10 mM Tris buffer (pH 7.5), 150 mM NaCl, 5 mM
EDTA, and 1 mM NagVOy, placed at the bottom of a discontinu-
ous sucrose concentration gradient (30-5%) in the same buffer,
and centrifuged (17 h, 200,000 g) at 4°C. After ultracentrifuga-
tion, 11 fractions were collected, starting from the top of the
tube. The light-scattering band located at the interface between
5% and 30% sucrose and corresponding to fraction 5 (F5) was
regarded as the sphingolipid-enriched membrane fraction (8).
The entire procedure was performed at 0—4°C in ice immersion.
The protein contents of the postnuclear fraction and of the su-
crose gradient fractions were determined as described below.

Lipid analyses

The cell samples, incubation buffers, and sucrose gradient
fractions obtained from control or MCD-treated cells were ana-
lyzed to determine their lipid content. Incubation buffers and
gradient fractions were extensively dialyzed, and lyophilized. Lip-
ids from cell samples and incubation buffers were extracted with
chloroform-methanol-water (2:1:0.1; v/v/v) (8). In gradient frac-
tions, water was omitted. The delipidized pellets were solubilized
in NaOH, and their protein content was determined as de-
scribed below. The total lipid extracts were analyzed by high-per-
formance thin-layer chromatography (HPTLC), followed by ra-
dioactivity imaging for quantification of radioactivity or by
chemical detection of cholesterol and phosphatidylcholine (PC)
as described below. Identification of lipids separated by HPTLC
was accomplished by comigration with standard lipids, the lipid
mixture characterization having been previously established (8).
[SH]lipids were separated by monodimensional HPTLC carried
out with the solvent system chloroform-methanol-0.2% aqueous
CaCly (50:42:11; v/v/v). Phospholipids were separated by mono-
dimensional HPTLC using the solvent system (8) chloroform-
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methanol-acetic acid-water (30:20:2:1; v/v/v/v) or chloroform-
methanol-acetone-acetic acid-water (10:2:4:2:1; v/v/v/v/v). Phos-
pholipid species were quantified after separation on HPTLC, fol-
lowed by specific detection with a molybdate reagent (43). The
relative amounts of each phospholipid were determined by den-
sitometry.

Cholesterol was separated by monodimensional HPTLC using
the solvent system hexane-ethylacetate (3:2;v/v), and was quanti-
fied after separation on HPTLC followed by visualization with
15% concentrated sulfuric acid in 1l-butanol. The quantity of
cholesterol was determined by densitometry and comparison
with 0.1-2 pg of standard compound using the Molecular Ana-
lyst program (Bio-Rad Laboratories). In the cholesterol, the SD
of the procedure was =20% in the range of 0.1-0.5 pg, and
+10% in the range of 1-2 pg. These values were similar to those
already reported for analytical methods based on HPTLC separa-
tion and charring of cholesterol (44).

Protein analyses

Protein content was determined according to Lowry et al. (45)
using BSA as reference standard. Proteins were separated by
SDS-PAGE. After separation, proteins were transferred to polyvi-
nylidene difluoride membranes, and the presence of Lyn and
c-Src was assessed by immunoblotting with specific antibodies,
followed by reaction with horseradish peroxidase-conjugated sec-
ondary antibody and enhanced chemiluminescence detection
(Pierce Supersignal® Chemiluminescence Substrate).

Radiochemical analyses

The radioactivity associated with cells, with cell fractions, with
lipids, and with delipidized pellets was determined by liquid scin-
tillation counting. Digital autoradiography of the HPTLC plates
was performed with a Beta-Imager 2000 instrument (Biospace)
using an acquisition time of ~48-65 h. The radioactivity associ-
ated with individual lipids was determined using the specific
[-Vision software provided by Biospace.

RESULTS

Complex lipids were metabolically labeled in cultured
neuronal cells with [*H]sphingosine and [*H]palmitic
acid. Figure 1 (lane la), shows the pattern of radioactive
lipids separated by HPTLC after metabolic labeling with
[1-3H]sphingosine. As expected (8), sphingomyelin (SM)
and all glycosphingolipids were radioactive. Figure 2 (lane
la) shows that the metabolic labeling with [9,10(n)-
%H]palmitic acid led to the biosynthesis of radioactive
sphingolipids and glycerophospholipids. Because glycero-
phospholipids are the main cell complex lipids and each
molecule contains two fatty acid chains, they contained
much more radioactivity than sphingolipids. After pulse-
chase metabolic labeling, the culture medium was re-
moved and cells were incubated in the presence of
Locke’s balanced saline solution alone or containing 1-10
mM MCD (incubation buffer) for different times (5-120
min). Radioactive lipids released in the incubation buffer
under these experimental conditions were qualitatively
and quantitatively analyzed. HPTLC patterns detected af-
ter [®*H]sphingosine and [3*H]palmitic acid metabolic
labeling are shown in Figs. 1 and 2, respectively. Inde-
pendent of the labeling procedure, small amounts of ra-
dioactive lipids (from 0.2% to 6.2% of total cell lipid, de-
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Fig. 1. Effect of methyl-B-cyclodextrin (MCD) on the release of
sphingolipids from cultured rat cerebellar granule cells. Cells were
metabolically labeled with [1—3H]sphingosine for a 2 h pulse fol-
lowed by a 48 h chase and treated with vehicle (controls) or 5 mM
MCD as described under Experimental Procedures. Radioactive lip-
ids were extracted, separated by high-performance thin-layer chro-
matography (HPTLC), and detected by digital autoradiography
(200-1,000 dpm applied on a 3 mm line; time of acquisition was
48 h). Lanes a: radioactive cell lipids; lanes b: radioactive cell me-
dium lipids. Lane 1: control; lanes 2 to 6: 5, 10, 30, 60, and 120 min
treatment, respectively. Patterns are representative of those ob-
tained in three different experiments. Cer, ceramide; PE, phos-
phatidylethanolamine; SM, sphingomyelin.

pending on the time of treatment and the lipid species)
were detected in negative controls (Figs. 1, 2, lanes 1b).
This probably reflected a natural shedding process. The
amount of radioactive lipids released in the incubation
buffer increased in a time- and dose-dependent manner

PE L L] L]

Pl

Ps

PC > @ L LB B |

M » J
- - - = =

Fig. 2. Effect of MCD on the release of glycerolipids from cul-
tured rat cerebellar granule cells. Cells were metabolically labeled
with [9,10(n)-*H]palmitic acid for a 24 h pulse followed by a 48 h
chase and treated for 30 min with vehicle (controls) or MCD as de-
scribed under Experimental Procedures. Radioactive lipids were
extracted, separated by HPTLC, and detected by digital autoradiog-
raphy (200-1,000 dpm applied on a 3 mm line; time of acquisition
was 48 h). Lanes a: radioactive cell lipids; lanes b: radioactive lipids
released in the incubation buffer. Lane 1: control; lane 2: 5 mM
MCD; lane 3: 10 mM MCD. Patterns are representative of those ob-
tained in three different experiments. PI, phosphatidylinositol; PS,
phosphatidyl serine; PC, phosphatidylcholine.

during treatment with MCD. Starting from 30 min treat-
ment with 5 mM MCD, a complex [?’H]sphingosine—
labeled sphingolipid pattern was released in the incuba-
tion buffer that closely resembled that of the cell homoge-
nate (Fig. 1). The only notable exception was represented
by ceramide. Radioactive ceramide accounted for about
3% of [3H]sphingosine-labeled cell lipids, but it was either
not detectable or detectable only in traces in the incuba-
tion buffer, even at the highest MCD concentration and at
the longest time of treatment. On the other hand, in the
[3H]palmitic acid-labeled glycerophospholipids, PC was
the main compound released from cells after MCD treat-
ment (Fig. 2). The other glycerophospholipids were
present in the incubation buffer only as traces, even at
high MCD concentration and a long treatment time. As
expected, MCD treatment resulted in a marked reduction
in the cell cholesterol content (Fig. 3). Figure 3 shows the
quantitative data describing the MCD-induced time- and
dose-dependent release of sphingolipids (SM and gly-
cosphingolipids) and cholesterol from cells. In all cases,
the release was sustained (50.2%, 14.5%, and 17.1% of to-
tal cell component for cholesterol, SM, and glycosphin-
golipids, respectively, were released after 30 min treat-
ment with 5 mM MCD) and reached a plateau between 30
and 60 min of treatment. The glycerophospholipids were
released from cells to a much lesser extent (about 2% of
total cell component after 30 min treatment with 5 mM
MCD).

The effects of MCD treatment on cell morphology, cell
membrane integrity, and cell mitochondrial function were
determined. Optical microscopy analysis showed that the
morphology of the majority of cells remained substantially
unchanged up to 2 h and up to 5 mM MCD treatments.
Under these experimental conditions, only a few cells
showed morphologically distinguishable signs of damage.
On the other hand, treatment with 10 mM MCD led to a
clearly distinguishable time-dependent progressive degen-
eration of neurites. After 2 h treatment with 10 mM MCD,
almost all cells bore no neurites and appeared round and
translucent but still well-attached to the matrix. A 30 min
treatment with 5 mM MCD led to Trypan blue incorpora-
tion into 80% of cells (Table 1), and this value became
100% when MCD concentration was increased up to 10
mM. Nevertheless, when cells were treated with 5 or 10
mM MCD and then repleted with cholesterol by incuba-
tion in the presence of a cholesterol/MCD complex, only
20% and 40% of cells, respectively, incorporated the dye
(Table 1). These results would suggest that MCD treat-
ment heavily modified the ability of cells to incorporate
Trypan blue, but only a limited number of cells were actu-
ally killed by the treatments. In fact, when cell viability was
assessed by determining the mitochondrial metabolic ac-
tivity of viable cells using the MTT reduction assay (Table
2), cell viability was only reduced to about 50%, even after
a 2 h treatment with 10 mM MCD.

To study the effect of MCD on lipid membrane organi-
zation, cells were lysed in the presence of Triton X-100,
and a low-density detergent-resistant fraction was pre-
pared by sucrose gradient centrifugation (4, 8). The light-
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Fig. 3. Time- and dose-dependent release of cholesterol, sphingo-
myelin, glycosphingolipids, and glycerophospholipids induced by
MCD treatment. Cells were metabolically labeled with [1-3H]sphin-
gosine or with [9,10(n)—3H]palmitic acid as described in the leg-
ends of Figs. 1 and 2, for the detection of sphingolipids and glycer-
olipids, respectively, and treated with 1 mM (white), 5 mM (dark
gray), and 10 mM (light gray) MCD for 5-120 min (in the case of
glycerophospholipids, 30 min only). Lipids were extracted and sep-
arated by HPTLC. Radioactive lipids were detected by digital auto-
radiography (200-1,000 dpm applied on a 3 mm line; time of ac-
quisition was 48 h). Cholesterol was colorimetrically detected as
described under Experimental Procedures. The amounts of each
lipid or lipid class released in the incubation buffer are expressed
as percentages of lipid in cells before exposure to MCD (control).
Data are the means = SD of three different experiments.

scattering band located at the interface between 5% and
30% sucrose (collected as F5 as described under Experi-
mental Procedures), corresponding to the sphingolipid-
and cholesterol-enriched membrane fraction in untreated
cells, was still clearly observed after a 30 min treatment
with 5 mM MCD, but became very faint after a 30 min
treatment with 10 mM MCD. Figure 4 shows the amounts
of proteins, glycosphingolipids, SM, PC, and cholesterol
associated with each gradient fraction prepared from cells
treated with 5 and 10 mM MCD or vehicle (controls) for
30 min. Figure 5 compares the changes in the contents of
sphingolipids, cholesterol, and PC in F5 and in the high-
density (HD) region of the gradient (corresponding to
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TABLE 1. Effect of 30 min MCD treatment on Trypan blue
exclusion in rat cerebellar granule cells

Cells Permeable to Trypan Blue (% of Total)

MCD Treatment
MCD Followed by
MCD (mM) Treatment Cholesterol Repletion
0 4.0 £0.2 45 *0.1
5 82.0 = 7.7 20.0 = 1.6
10 99.6 = 8.9 40.0 = 3.2

MCD, methyl-B-cyclodextrin. Data are the means = SD of three
different experiments.

fractions 9 to 11 of the gradient, which accounted for the
bulk of the cell proteins) after MCD treatment. The loss
of cell sphingolipids caused by MCD treatment was almost
entirely associated with F5, while the amount of sphin-
golipids found in the HD region was not significantly
changed by MCD treatments (Fig. 5, middle panel). Fig-
ure 6 shows the patterns of radioactive sphingolipids asso-
ciated with the cell lysate, F5, and the HD region in con-
trol cells and in cells treated with 5 mM MCD for 30 min.
The sphingolipid patterns in control and treated cells are
very similar, indicating that MCD treatment does not mod-
ify the sphingolipid pattern in F5. As shown in Fig. 5
(lower panel), the loss of PC from cells was also almost en-
tirely associated with F5. After 30 min treatment, the
amount of cholesterol lost by cells was higher than the
amount of cholesterol belonging to F5 from untreated
cells (Fig. 5, upper panel). Thus, after MCD treatment the
loss of cholesterol was associated with both F5 and HD
fractions.

On the basis of these results, we calculated the molar
lipid composition of F5 after MCD treatments. As shown
in Fig. 7, the amount of PC, the main lipid of the lipid
membrane domains in control cells, progressively de-
creased with the increase of the MCD concentration, indi-
cating a progressive reduction of the total cell surface area
occupied by the lipid domains. Nevertheless, after a 30
min treatment with 5 mM MCD, the detergentresistant
fraction was also depleted of cholesterol and sphingolip-
ids; thus the molar ratio between PC, cholesterol, and
sphingolipids of F5 from treated cells was not so different
from that of the fraction prepared from control cells. As
derived from the data reported in Fig. 6, the molar ratio
between PC, cholesterol, and sphingolipids, which in F5

TABLE 2. Effect of MCD treatment on rat cerebellar granule cell
viability, as mitochondrial metabolic activity measured by the
3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyltetrazolium
bromide reduction assay

Time (Min)
MCD (mM) 10 30 60 120
5 100 £ 9 58 £ 6 61 =6 60 = 4
10 89 x£8 38*+3 40 £ 2 50 = 3

Data are expressed as percent of negative controls. Data are the
means = SD of three different experiments.
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Fig. 4. Effect of MCD treatment on protein and lipid distribution
in sucrose gradient fractions prepared from cultured rat cerebellar
granule cells. Protein content of each fraction was determined by
the method of Lowry et al. (45). Cell sphingolipids and cholesterol
were analyzed as described in the legend of Fig. 3. PC was colori-
metrically detected as described under Experimental Procedures.
Cells were treated with vehicle (controls, white), 5 mM MCD (dark
gray), and 10 mM (light gray) MCD for 30 min, lysed in the pres-
ence of 1% Triton X-100, and subjected to sucrose gradient frac-
tionation as described under Experimental Procedures. After ultra-
centrifugation, 11 fractions were collected, starting from the top of
the tube. The protein and lipid contents of each fraction are ex-
pressed as absolute amounts (as mass for protein, PC, and choles-
terol, and as radioactivity for sphingolipids), normalized for the
number of cells loaded on the gradient for each treatment. Data
are the means = SD of three different experiments. Statistical sig-
nificance of differences was determined by Student’s #test. * P <
0.05, ** P < 0.01 versus control.

from control cells was 10:5.5:1.7, changed to 10:7.5:2.5.
Lyn and c-Src, typical protein components of the lipid
membrane domains prepared from neuronal cells (7-9),
were still associated with F5 after a 30 min treatment with
5 mM MCD (Fig. 8).

After a 30 min treatment with 10 mM MCD, a deep
change in the supramolecular organization of the lipid

100 Cholesterol

75 *

50

% of control

25

F5 HD

100 Sphingolipids
*

75 B

50

25

100 pC

75

50 w%

% of control

25

F5 HD

Fig. 5. Cholesterol, sphingolipid, and PC changes induced by
MCD treatment in a low-density, detergent-insoluble membrane
fraction prepared from cultured rat cerebellar granule cells. Cell
lipids were analyzed as described in the legend of Fig. 3. Cells were
treated with vehicle (controls), 5 mM MCD (gray), and 10 mM
(black) MCD for 30 min and subjected to lysis and sucrose gradient
fractionation as described in the legend of Fig. 4. The composition
of the low-density, detergent-insoluble membrane fraction [fraction
5 (F5)] and of the high-density (HD) fractions (9 to 11) are com-
pared. The amounts of each lipid or lipid class associated with each
fraction after MCD treatment are expressed as percentages of the
amounts of lipid present in fractions prepared from control cells.
Data are the means * SD of three different experiments. Statistical
significance of differences was determined by Student’s #test. * P <
0.05, ** P < 0.01 versus control.

domains of Fb occurred. In fact, under this condition, F5
was strongly impoverished in cholesterol while still highly
enriched in sphingolipids. Thus, the molar ratio between
PC, cholesterol, and sphingolipids became 10:1.7:3.3. Lyn
and c-Src were no longer present in this fraction, being
exclusively associated with the HD fraction. The distribu-
tion of Akt, which in these cells was exclusively associated
with the HD fraction (9), was unaltered by MCD treat-
ment.

DISCUSSION

The addition of cyclodextrins to cultured cells induces
the release of cholesterol from the cells themselves. The

Ottico et al. Dynamics of membrane lipid domains 2147
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Fig. 6. Effect of MCD treatment on the sphingolipid pattern of a
low-density, detergent-insoluble membrane fraction prepared from
cultured rat cerebellar granule cells. Cell lipids were metabolically
labeled with [1-*H]sphingosine as described in the legend of Fig. 1.
Cells were treated with vehicle (controls, lanes 1) or 5 mM MCD
(lanes 2) for 30 min and a low-density, detergent-insoluble mem-
brane fraction (F5) was prepared by sucrose gradient fractionation
as described under Experimental Procedures. HD: high-density
fractions (9 to 11). Cell lysate: radioactive lipids from a total cell ly-
sate before gradient fractionation. Lipids were extracted and sepa-
rated by HPTLC. Radioactive lipids were detected by digital autora-
diography (200-1,000 dpm applied on a 3 mm line; time of
acquisition was 48 h). Patterns are representative of those obtained
in three different experiments.

process has been shown to be dependent on cyclodextrin
concentration, time, and cell type (20-30). The mecha-
nism by which cholesterol is lost by the cells in the pres-
ence of cyclodextrins is not clear; this process probably in-
volves different plasma membrane cholesterol pools (22,
24) but not the intracellular cholesterol pools (22). The
knowledge of the effects of cyclodextrins on the release of
other membrane lipids from cell cultures is very scant and
merely qualitative (24, 25, 29, 30). To the best of our
knowledge, in the case of gangliosides, only qualitative in-
formation on the efflux of GM1 ganglioside from lympho-
cytes (22) is available. However, the ability of cyclodextrins
to disrupt micellar aggregates of GM1 or mixed aggre-
gates of glycerophospholipids and GM1, and their ability
to form complexes with ganglioside monomers have been
studied in detail by NMR spectroscopy and biochemical
procedures (31-33, 46). Both cholesterol and sphingolip-
ids are segregated in membrane lipid domains that are
able to sort proteins involved in the modulation of several
aspects of cell function. Thus, treatment of cells with cy-
clodextrins became a tool widely used to study the proper-
ties of cholesterol- and sphingolipid-enriched membrane
domains. In this study, we investigated the ability of MCD
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nmol/106 cells

Control 5 mM MCD 10 mM MCD

Fig. 7. Effect of MCD treatment on the PC, cholesterol, and
sphingolipid composition of a low-density, detergent-insoluble
membrane fraction prepared from cultured rat cerebellar granule
cells. The PC (white), cholesterol (black), and sphingolipid (gray)
molar contents of the low-density, detergent-insoluble membrane
fractions prepared from cerebellar granule cells treated with vehi-
cle (control), 5 mM MCD, and 10 mM MCD for 30 min were calcu-
lated as described under Experimental Procedures. Data are ex-
pressed as absolute mass amounts, normalized for the number of cells
loaded on the gradient for each treatment. Data are the means =
SD of three different experiments. Statistical significance of differ-
ences was determined by Student’s ttest. * P < 0.05, ** P < 0.01
versus control.

to induce the release of sphingolipids, cholesterol, and
glycerophospholipids from rat cerebellar granule cells in
culture, and the effect of this release on the existence and
properties of lipid membrane domains. In a few experi-
ments, we obtained qualitative data suggesting that other
cyclodextrins, such as (2-hydroxypropyl)-p-cyclodextrin,
had properties very similar to those of MCD.

MCD mediated the efflux of cholesterol, sphingolipids,
and glycerolipids. It is noteworthy that a quantitative anal-
ysis of this phenomenon was only possible thanks to cell

- -
-

C—g= —o=2

1 2 1 2 1 2

Control 5 mM MCD 10 mM MCD

Fig. 8. Effect of MCD treatment on the association of Lyn and c¢-Src
with a low-density, detergent-insoluble membrane fraction pre-
pared from cultured rat cerebellar granule cells. The same percent-
age of the total from the low-density, detergent-insoluble mem-
brane fractions (F5, lanes 1) and from the HD fractions (9 to 11)
(lanes 2) prepared from cerebellar granule cells treated with vehi-
cle (control), 5 mM MCD, and 10 mM MCD for 30 min were ana-
lyzed by SDS-PAGE followed by detection by Western blotting using
specific anti-Akt (A), anti-Lyn (B), and anti-c-Src (C) antibodies.
Patterns are representative of those obtained in two different ex-
periments.
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lipid metabolic labeling procedures using tritiated sphin-
gosine and palmitic acid as precursors for sphingolipids
and glycerophospholipids (8, 42). This allowed us to fol-
low simultaneously the loss of lipids from cells and their
parallel increase in the incubation buffer. In the case of
cholesterol, the analytical interference of MCD did not al-
low for the determination of the amount of cholesterol
present in the incubation buffer, and its release from cells
was determined as decrease of cell content. MCD medi-
ated the efflux of all sphingolipid species to a similar ex-
tent, including gangliosides, neutral glycosphingolipids,
and SM. The only sphingolipid we did not find in the in-
cubation buffer was ceramide. This is probably related to
the strong hydrophobic character of ceramide, together
with its stable association with the membrane as a result of
the hydrogen bond network promoted by its amide link-
age (47). Among glycerophospholipids, PC was by far the
major compound released in the incubation buffer, the
other species being present only in traces. The amounts of
sphingolipids, glycerophospholipids, and cholesterol re-
leased by a 30 min treatment with 5 mM MCD were 16%,
2%, and 50%, respectively. Recalling that the half-life of
complex lipids in differentiated neurons is on the order
of a few hours (48), in the case of a 30 min MCD treat-
ment, it is very likely that there is not enough time to neo-
biosynthesize all the lipids lost by the cells and to reconsti-
tute the plasma membrane integrity. In fact, under these
experimental conditions, the plasma membrane of the
majority of cells was deeply altered, as proven by the incor-
poration of Trypan blue dye, and a large number of them
eventually died, as shown by the low level of mitochon-
drial metabolic activity measured by the MTT reduction
assay.

As mentioned above, it has been demonstrated that
both cholesterol and sphingolipids are segregated in spe-
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cific areas of the plasma membrane, where they partici-
pate in the functional modulation of signaling proteins
involved in inter- and intracellular communications. Cyclo-
dextrin treatment was shown to alter or to abolish the seg-
regation of some proteins within the lipid membrane do-
mains, suggesting that altering the lipid composition of
the domain has profound influences on its function. How-
ever, the mechanisms linking the changes occurring in
the lipid composition of the domains with those occurring
in their protein composition are not clear.

A low-density, detergent-insoluble membrane fraction,
Fb5, that in cultured cerebellar granule cells was shown to
contain the sphingolipid-enriched membrane domains,
was prepared after MCD treatment and analyzed for its
lipid content. Our findings suggest that the quantity and
composition of the membrane regions organized as lipid
domains are strongly affected by MCD treatments and are
dependent on the experimental conditions used. The in-
crease of the MCD concentration led to a progressive re-
duction of PC in F5. PC is the main cell glycerophospho-
lipid, and it is the main lipid component of lipid
membrane domains from differentiated cerebellar neu-
rons (8). Thus, the reduction in the content of PC can be
considered a good indication of a general reduction of
the surface area occupied by the lipid domains. According
to this hypothesis, a 30 min treatment with 5 mM MCD led
to a reduction of the lipid membrane domain area of
about 40%. Previously, we showed that in differentiated
cerebellar neurons, about 20% of the total cell PC belongs
to F5 (8, 9). Thus, the amount of PC lost by the cells, 2%
of the total cell PC (see Fig. 3), corresponding to about
0.7 nmol/10% cells, was much less than the amount of PC
missing from F5 (about 40% of total PC in F5, corre-
sponding to about 1.4 nmol/106 cells). This suggests that
exchanges of lipids might occur between lipid membrane

Fig. 9. Scheme depicting possible molecular models for the
efflux of membrane lipids mediated by MCD. The scheme is
hypothetical, but some parts of it are supported by experimen-
tal evidence, such as the natural shedding of membrane lipids
(49), the equilibrium between monomers and aggregates
(50), the formation of ganglioside-MCD (32, 33) and of cho-
lesterol-MCD aggregates (22), and the changes of membrane
curvature as a function of the hydrophilic size of the mem-
brane components (50).
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domains and areas of the membrane not organized as
lipid domains. The amounts of cholesterol and sphin-
golipids were also reduced in F5, so that the final molar
ratio between PC, cholesterol, and sphingolipids re-
mained approximately constant in the lipid domains.
About 50% of total cell cholesterol was released under
these experimental conditions (Fig. 3). This quantity (cor-
responding to about 2.4 nmol/106 cells) exceeded the
cholesterol content of lipid membrane domains from un-
treated cells (1.9 nmol/106 cells) (8). Thus, although our
data are not sufficient to establish the subcellular origin of
the large amount of cholesterol released by the cells, it is
clear that a very dynamic process is occurring, possibly in-
volving an exchange of cholesterol between the mem-
brane lipid domains and other membrane and/or intrac-
ellular sites.

The large loss of cholesterol determined by MCD treat-
ment could be the driving force that leads to the overall
reduction of the surface area occupied by the lipid do-
mains. This could be a way to maintain a constant PC-cho-
lesterol molar ratio in the membrane lipid domains. A
similar behavior can be described for the sphingolipids.
Thus, under these experimental conditions, the final ef-
fect induced by MCD is an overall loss of membrane lipid
domains without alteration of their original properties,
such as their lipid molar composition and the ability to
segregate Lyn and c-Src (Fig. 8).

When the concentration of MCD was increased up to 10
mM, we had a further reduction of the lipid domain area,
but the dramatic loss of the membrane lipids, particularly
of cholesterol, did not allow the maintenance of a con-
stant molar ratio between PC, cholesterol, and sphingolip-
ids within the lipid membrane domain. Thus, the result-
ing low-density, detergentresistant membrane fraction
was highly impoverished in cholesterol. The enrichment
in sphingolipids seems to be increased in respect to un-
treated cells, but this was not enough to balance the loss
of cholesterol. The lipid membrane domain, as a conse-
quence of this dramatic change in its lipid composition,
lost the ability to segregate Lyn and c-Src (Fig. 8). This
eventually led to severe cell distress, degeneration, and
death.

In conclusion, in this paper we show that MCD, to-
gether with the release of cholesterol, induced the release
of large amounts of sphingolipids from cells. Small
amounts of complex lipids were found in the incubation
buffer medium in the absence of cyclodextrin, probably
reflecting a natural equilibrium between membrane lipids
and free lipids (see the route A in the scheme shown in
Fig. 9). This raises the possibility that MCD increases the
natural rate of efflux by modifying this equilibrium, form-
ing complexes with the released lipids (as monomers or
aggregates). Of course, a direct interaction of MCD with
membrane lipids (route B in Fig. 9) must also be consid-
ered. At any rate, independent of the modalities of the ef-
flux process mediated by MCD, the rapid loss of lipids re-
quires a corresponding rapid reorganization of the
remaining membrane lipids, suggesting the existence of
dynamic processes aimed at preserving the segregation of

2150  Journal of Lipid Research Volume 44, 2003

cholesterol and sphingolipids in membrane domains.
When the loss of lipids is relatively limited, as in the case
of a “mild” MCD treatment, the membrane lipids change
their membrane organization, reducing the total surface
area of membrane lipid domains. This can be achieved by
reducing the total number of domains or their sizes. But a
large loss of lipids, as that induced by a “strong” MCD
treatment, very rapidly induces the loss of the integrity
and properties of lipid membrane domains, and, as a final
consequence, severe changes in the membrane perme-
ability, accompanied by morphological changes and signs
of distress in the cells. il
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