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Methyl-b-cyclodextrin and filipin are cholesterol-
inding reagents often used interchangeably to investi-
ate functional requirements for lipid rafts in receptor-
ediated signal transduction. Recently, contradictory

esults were reported by two groups using these re-
gents in different model systems to investigate the role
f lipid rafts in BCR signaling. We confirm here that
CR-mediated calcium release is inhibited by filipin and
nhanced by cyclodextrin. The inhibitory effect of filipin
ould not be attributed to raft disruption, however, be-
ause its ability to release raft-associated proteins into
he detergent-soluble phase of cell lysates was less than
hat of cyclodextrin. In contrast, we found that filipin
rofoundly inhibited phosphorylation of the raft-
ssociated adaptor protein Cbp/PAG, whereas the effect
f cyclodextrin was minor. Thus, filipin and cyclodextrin
odify cholesterol-rich microdomains through different
echanisms with different consequences on receptor

ignaling. In addition, the enhanced calcium release ob-
erved under conditions of maximum raft disruption
uggests that rafts have a role in negatively regulating
CR signals. © 2001 Academic Press

Key Words: B cell receptor; rafts; signal transduc-
ion; biochemistry; cholesterol; filipin; cyclodextrin;
bp/PAG; calcium.

Lipid rafts and caveolae, specialized membrane mi-
rodomains in which cholesterol and glycosphingolip-
ds are the major components, are enriched in acylated

Abbreviations used: BCR, B cell receptor; ERK, extracellular signal-
elated kinase; Cbp/PAG, Csk binding protein/Phosphoprotein associ-
ted with glycosphingolipid-enriched microdomains; MAPK, mitogen-
ctivated protein kinase.
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eceptor-mediated signals (1–4). Cholesterol is the key
omponent in maintaining the integrity of membrane
icrodomains, and various studies have demonstrated

he inhibitory effects of cholesterol-reducing agents on
ignaling. Two such reagents that have been exten-
ively used are methyl-b-cyclodextrin (MbCD) and fili-
in.
MbDC is a membrane impermeable, small cyclic oli-

osaccharide with a hydrophobic core that selectively
nd rapidly extracts cholesterol from the plasma mem-
rane (5, 6). Pretreatment of cells with MbCD prevents
he recruitment of the high affinity IgE receptor (7) and
he B cell antigen receptor (BCR) to lipid rafts (8), and
auses loss of compartmentalization of the Src family
inases Lyn and Lck (7, 9), influenza hemagglutinin
10, 11), LAT and Gb (9), caveolin, Gq, EGF receptor,
nd PtdIns 4,5-P2 (12). Some GPI-linked proteins are
nclustered by MbCD (13) although others are not (7,
4, 15). Consistent with the idea that cholesterol-rich
icrodomains organize signaling platforms in the

lasma membrane, MbCD inhibits antigen receptor-
ediated intracellular calcium release in Jurkat T

ells (9, 16), and hormone-stimulated PtdIns turnover
12). On the other hand, MbCD activates extracellular
eceptor kinase (ERK) in some cells (9, 17).
Filipin, a polyene antibiotic with antifungal proper-

ies, binds selectively to cholesterol, forming complexes
n the plasma membrane that sequester cholesterol
nd induce structural disorder (18–20). Filipin dis-
erses caveolar domains, unclusters GPI-linked and
ther receptors, induces significant loss of compart-
entalization of PtdIns 4,5-P2, and inhibits PDGF

eceptor-mediated signaling events (21–24). Like
bCD, filipin inhibits TCR-mediated calcium release

nd activates ERK in T cells (9). Thus, despite using
ifferent mechanisms to sequester cholesterol in mem-
ranes, MbCD and filipin have similar effects in a
ariety of cell types.
Several groups have reported that the BCR, upon

timulation in mature B lymphocytes, translocates into
0006-291X/01 $35.00
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lipid rafts and induces signaling events detectable in
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hat compartment (8, 25, 26). Aman and Ravichandran
howed that filipin inhibited BCR-induced calcium
ux, suggesting that the integrity of lipid rafts is re-
uired for BCR signaling (25). However, work from this
aboratory demonstrated that MbCD enhanced cal-
ium release from intracellular stores after BCR stim-
lation (8). These apparently contradicatory observa-
ions prompted us to compare the effects of MbCD and
lipin on lipid rafts and BCR signaling in Ramos B
ells. This is the first report of differential effects of
hese reagents in the same model system.

ATERIALS AND METHODS

Cells, antibodies, and reagents. Ramos B cells were maintained
y culture in RPMI 1640, 7.5% FBS. Anti-Cbp was a gift from Dr.
asato Okada (Osaka University, Osaka, Japan). All other antibod-

es used in the study were previously described (8). MbCD, filipin,
nd laurylmaltoside were purchased from Sigma.

Cell stimulation and sample preparation. Cells (1 3 108/sample)
ere either untreated or treated with 10 mM MbCD for 109 or 2
g/ml filipin for 109; these conditions were selected after time- and
ose-response studies established that higher doses of MbCD and
lipin led to significant cell death as measured by trypan blue ex-
lusion and propidium iodide staining. To induce translocation of
D20 to lipid rafts, the cells were treated with 2H7 mAb (0.5 mg/106

ells) at 37°C for 15 min. For BCR stimulation, cells were incubated
ith F(ab9)2 anti-IgM (1 mg/106 cells) for 59 at 37°C. Cells were lysed

n 1% Triton X-100. Sucrose density gradient centrifugation was
erformed as described (8). A total of either 1.5-ml fractions were
ollected from the top of the gradient. Fractions 3 and 4 correspond
o lipid rafts and fractions 7 and 8 contain the soluble proteins.

For tyrosine phosphorylation and MAPK studies, 2 3 106 cells
ere given appropriate drug treatment prior to BCR stimulation and

ysed in 0.5% Triton X-100. For Cbp/PAG localization analysis, frac-
ions from sucrose density gradients were pooled in pairs and con-
entrated as follows: fractions 3 and 4 containing membrane rafts
ere centrifuged and the pellet dissolved in a 100-ml SDS sample
uffer; fractions 1 and 2, 5 and 6, and 7 and 8 were TCA precipitated
nd also dissolved in a 100-ml SDS sample buffer; equal volumes
ere loaded for SDS–PAGE and immunoblotting. For Cbp/PAG im-
unoprecipitation the cells were lysed in 1% laurylmaltoside to

olubilize lipid rafts. Protein separation and immunoblotting was
erformed as described (8). Silver staining was performed on pooled
aft fractions using a silver stain kit purchased from Bio-Rad.

Calcium measurements. Cells were incubated for 20 min with 20
M fluo-3AM (Molecular Probes, Eugene, OR), washed and treated
ith either 10 mM MbCD or 2 mg/ml filipin for 109. The experimental
rocedure and instrumentation were previously described (8).

ESULTS

pposite Effects of MbCD and Filipin on
Intracellular Ca21 Mobilization in B Cells

Possible explanations for the conflicting reports on
he effects of cholesterol depletion on BCR-mediated
ntracellular calcium release include the use of differ-
nt cell lines, i.e., human Ramos B cells vs murine A20

cells, as well as the use of different cholesterol de-
leting reagents (8, 25). We show here (Fig. 1) that
reatment of Ramos B cells with filipin inhibited the
78
CR-induced rise in cytosolic free calcium, whereas, as
eported previously, MbCD enhanced calcium release.
either reagent compromised the internal calcium

tores of the cells (data not shown). These data rule out
he possibility that the apparently contradictory re-
ults were due to the use of different cell lines, and
ndicate that the effects are due to differences in the
ctions of filipin and cyclodextrin.

ifferential Effects of MbCD and Filipin
on the Integrity of Lipid Rafts

In order to try and determine why filipin and cyclo-
extrin have different effects on BCR signaling, we
rst compared the ability of these reagents to disrupt

ipid rafts. We selected two dually acylated proteins,
he Src family kinase Lyn and the heterotrimeric G
rotein a subunit, Gai, as markers of lipid raft integ-
ity. Lipid rafts can be isolated using sucrose density
radients on the basis of their insolubility in Triton
-100 and buoyant density. In untreated cells, both
yn and Gai were present predominantly in the low
ensity lipid raft fraction (fraction 4, Fig. 2). Treat-
ent with MbCD prevented the association of these

roteins with the low density fraction, as seen by the
ppearance of these proteins in the soluble fractions 7
nd 8. Treatment with filipin also caused these pro-
eins to appear in the soluble cellular fractions, indi-
ating that tight compartmentalization of these pro-
eins in lipid rafts was lost. However, densitometry
nalysis estimated that approximately 50% of Lyn and
ai remained in the low density fractions following

reatment with filipin.
We also examined the effects of these drugs on two

ntegral membrane proteins that inducibly associate
ith lipid rafts following stimulation, CD20 and the
CR. Treatment of Ramos B cells with 2H7 anti-CD20
Ab induced translocation of the majority of CD20

rom the soluble cellular compartment to the low den-
ity insoluble fraction (Fig. 2), as previously described

FIG. 1. Effects of MbCD and filipin on BCR-stimulated intracel-
ular Ca21 release. Basal calcium levels in fluo-3 loaded Ramos cells,
ither untreated (control) or pretreated with MbCD or filipin, were
ecorded for ;30 s before stimulation with F(ab9)2 anti-IgM.
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27). After mAb-induced CD20 translocation into rafts,
ells were treated with MbCD causing complete loss of
D20 from the low density fraction and its reappear-
nce in the soluble fraction (Fig. 2). In contrast, filipin
ad no effect on CD20-raft association (Fig. 2). Similar
esults were seen when the cells were treated first with
bCD or with filipin and then with 2H7 mAb (data not

hown). Pretreatment with MbCD also prevented
ranslocation of the mature form of the BCR (upper
and) into the low density insoluble fraction (Fig. 2), as
reviously reported (8). Pretreatment with filipin, how-
ver, only partially inhibited BCR translocation into
he low density fraction. Together, these data indicate
hat MbCD disrupts lipid rafts more effectively than
oes filipin. This conclusion is also supported by the
rotein profile of lipid raft fractions observed by silver
taining. Treatment with MbCD led to significant loss
f proteins compared to untreated and filipin treated
ipid raft fractions (Fig. 4C).

FIG. 2. Effects of MbCD and filipin on the integrity of lipid rafts.
amos cells were either untreated (control) or treated with MbCD or
lipin before lysis in Triton X-100. Lysates were subjected to sucrose
ensity ultracentrifugation and fractions 1–8 were collected from the
op of the gradients. Samples from each fraction were blotted for Lyn
nd Gai, as indicated. To test effects on raft-associated CD20, cells
ere untreated (control) or treated with 2H7 mAb for 159 followed by
bCD or filipin. To test for effects on translocation of the BCR to

afts, cells were pretreated with MbCD or filipin before addition of
(ab9)2 anti IgM for 59.
79
Phosphorylation of Cellular Proteins
and ERK Phosphorylation

Since the inhibitory effect of filipin on BCR-induced
alcium release could not be explained by raft disrup-
ion, we next examined the ability of both reagents to
odulate tyrosine kinase-dependent signaling events.
reatment of Ramos cells with either filipin or MbCD
nhanced tyrosine phosphorylation of selected cellular
roteins in the absence of BCR crosslinking (Figs. 3A
nd 3B). The heavily tyrosine phosphorylated bands at
55 kDa may correspond to Lyn, since Lyn was re-

eased from lipid rafts following MbCD or filipin treat-
ent (Figs. 2, 3A, and 3B). Cyclodextrin did not lead to
APK (ERK) phosphorylation in B cells (Fig. 3A), as it

oes in T cells (9). Filipin, however, activated ERK as
lso observed in T cells (Fig. 3B). Pretreatment of
amos cells with MbCD or with filipin did not signifi-
antly affect BCR-induced phosphorylation of ERK
Figs. 3C and 3D), indicating that BCR induced signal-
ng events leading to ERK can occur independently of
afts.

FIG. 3. Effects of MbCD and filipin on tyrosine phosphorylation
f cellular proteins, solubility of lyn, and MAPK activation. Ramos
ells were treated with (A) MbCD or (B) filipin and lysed in Triton
-100. Lysates were immunoblotted for phosphotyrosine, lyn, pERK,
nd ERK, as indicated. (C) Ramos cells, untreated or treated with
bCD or (D) filipin, were stimulated with F(ab9)2 anti IgM for the

imes indicated and lysed in Triton X-100. Lysates were immuno-
lotted for pERK and ERK.



F

t
e
i
m
r
i
w
f
p
S
w
fi
i
S
c
w

although densitometry analysis of several bands on the
g
p
t
i
t
m
i
p
2
b
y
h
e

D

r
c
s
w
i
s
t
b
m
d
u
p
i
e
a
c
o
n
b

m
d
e
b
t
v
d
s
c
h
t
a
c
c
m
M
fi
d

U
t
p
a
a
M
G
i
t
w
t
w
i
n

Vol. 287, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ilipin Inhibits Phosphorylation of Cbp/PAG

Since inhibitory effects of filipin were not detected in
he detergent soluble phase of cellular lysates, we next
xamined tyrosine kinase-dependent signaling events
n lipid rafts. Cbp/PAG is a broadly expressed trans-

embrane adaptor protein localized to membrane
afts and is the major tyrosine phosphorylated protein
n that compartment (28, 29). As expected, Cbp/PAG
as found exclusively in the lipid raft fractions isolated

rom Ramos B cells (Fig. 4A) and was constitutively
hosphorylated on tyrosine residues (Fig. 4D, lane 1).
urprisingly, the subcellular localization of Cbp/PAG
as not affected by treatment with either MbCD or
lipin, even though loss of Gai could be demonstrated

n the same samples (Fig. 4B). Silver staining after
DS–PAGE showed loss of protein from raft-
ontaining gradient fractions that was more profound
ith MbCD than with filipin pretreatment (Fig. 4C),

FIG. 4. Effects of MbCD and filipin on Csk-binding protein. (A)
ntreated Ramos cells were lysed in 1% Triton X-100 and subjected

o sucrose density gradient centrifugation. Fractions were pooled in
airs, as indicated, and concentrated as described under Materials
nd Methods. Equal cell equivalents were probed for Cbp/PAG and
ctin by immunoblotting. (B) Lipid raft fractions from untreated,
bCD- or filipin-treated Ramos cells were blotted for Cbp/PAG and
ai. (C) Silver-stained proteins from samples in B. The intensity of

ndividual bands was measured by densitometry (arrows). The rela-
ive intensity of each band in the MbCD- and filipin-treated samples
as expressed as a percentage of the control. (D) Ramos cells, un-

reated (control) or treated with MbCD or filipin, were stimulated
ith anti-IgM for 19 and lysed in laurylmaltoside. Cbp/PAG was

mmunoprecipitated from the lysates and the samples were immu-
oblotted for phosphotyrosine and Cbp/PAG.
80
el indicated that there was unequal loss of individual
roteins (Fig. 4C). To assess the phosphorylation sta-
us of Cbp/PAG, cells were lysed in 1% laurylmaltoside
n order to solubilize raft proteins for immunoprecipi-
ation. Phosphotyrosine on Cbp/PAG increased after 1
in of BCR stimulation (Fig. 4D), an unexpected find-

ng since receptor stimulation in T cells inhibits phos-
horylation of Cbp/PAG at the same time point (28,
9). Pretreatment with filipin profoundly inhibited
oth constitutive and BCR-induced tyrosine phosphor-
lation of Cbp/PAG (Fig. 4D), in contrast with its en-
ancing effects on tyrosine phosphorylation of proteins
xcluded from rafts (Fig. 3).

ISCUSSION

Differential effects of MbCD and filipin on specific
eceptor signaling events occurring under identical
onditions has not been previously reported. In other
tudies where both reagents were used, similar effects
ere found; for example, both reagents inhibit TCR-

nduced calcium release (16). At the outset of this
tudy, Ramos cells were exposed for varying times to
he titrated reagents, and conditions were selected
ased on minimal effects on cell viability and maxi-
um effects on protein association with rafts. The

oses and exposures selected were similar to those
sed by others in various reports. However, it remains
ossible that a subtle technical difference in the exper-
mental conditions may alter the cellular response to
ither reagent. A more provocative explanation is that
fundamental difference in receptor signaling and/or

holesterol effects in B cells underlies the differences
bserved. Activation of ERK by MbCD in T cells, but
ot in B cells, lends some support to the latter possi-
ility.
Differential effects of MbCD and filipin on receptor-
ediated calcium release in B cells can be attributed to

ifferences in the mode of action of the reagents. By
xtracting cholesterol without binding to the mem-
rane (5), MbCD effectively disperses a large propor-
ion of most of the constituents of lipid rafts, and pre-
ents BCR translocation into rafts. These data clearly
emonstrate that in B cells, antigen receptor-mediated
ignaling events leading to calcium release are not
ompromised by raft disruption, suggesting that rafts
ave a negative regulatory role. Filipin does not ex-
ract cholesterol but rather inserts into the membrane
nd sequesters cholesterol in situ (18, 20, 30). Filipin
aused partial dispersal of raft constituents, but this
annot account for its inhibitory effects on calcium
obilization because more complete raft disruption by
bCD enhanced calcium mobilization. Inhibition by

lipin must be derived from effects other than raft
isruption.
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mining proteins in the detergent-soluble phase of cell
ysates. However, profound inhibition of Cbp/PAG
hosphorylation indicates that filipin exerts inhibitory
ffects in the raft environment. The cytoplasmic region
f Cbp/PAG contains multiple tyrosine phosphoryla-
ion sites and is likely to recruit signaling effectors in
ddition to Csk (28, 29). It is conceivable, therefore,
hat filipin-mediated inhibition of calcium release may
e linked to reduced Cbp/PAG phosphorylation. Inter-
stingly, raft localization of Cbp/PAG was remarkably
esistant to both MbCD and filipin. Cbp/PAG is the
nly transmembrane protein reported so far to have
his property.

In conclusion, inhibition of BCR-mediated calcium
elease by filipin cannot be attributed to the inability of
he BCR to gain access to lipid rafts, or to raft disrup-
ion, but may be a result of inhibitory effects on se-
ected raft proteins occurring as consequence of filipin
inding to membranes. Enhanced calcium release
aused by MbCD attests to the ability of signaling
ffectors in the phospholipase C pathway to make effi-
ient connections in the absence of organized rafts.
herefore, compartmentalization of the BCR and sig-
aling effectors in lipid rafts likely serves a regulatory
ole. Filipin and MbCD are useful reagents for inves-
igating the role of rafts in receptor signaling. How-
ver, they may exert different effects depending on the
ypes of cells and receptor signaling systems being
nvestigated, and must be used with caution.
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