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Lipid Rafts Serve as a Signaling Platform for Nicotinic
Acetylcholine Receptor Clustering
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Agrin, a motoneuron-derived factor, and the muscle-specific receptor tyrosine kinase (MuSK) are essential for the acetylcholine receptor
(AChR) clustering at the postjunctional membrane. However, the underlying signaling mechanisms remain poorly defined. We show that
agrin stimulates a dynamic translocation of the AChR into lipid rafts-cholesterol and sphingolipid-rich microdomains in the plasma
membrane. This follows MuSK partition into lipid rafts and requires its activation. Disruption of lipid rafts inhibits MuSK activation and
downstream signaling and AChR clustering in response to agrin. Rapsyn, an intracellular protein necessary for AChR clustering, is
located constitutively in lipid rafts, but its interaction with the AChR is inhibited when lipid rafts are perturbed. These results reveal that
lipid rafts may regulate AChR clustering by facilitating the agrin/MuSK signaling and the interaction between the receptor and rapsyn,
both necessary for AChR clustering and maintenance. These results provide insight into mechanisms of AChR cluster formation.
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Introduction
The vertebrate neuromuscular junction (NMJ) is a synapse
formed between motoneurons and skeletal muscle fibers. Be-
cause of easy accessibility and peripheral location, the NMJ has
been a most extensively studied synapse (Sanes and Lichtman,
2001). A signature of the NMJ is the accumulation of nicotinic
acetylcholine receptors (AChRs) in the postsynaptic membrane.
Three molecules are absolutely essential for NMJ formation:
agrin, an extracellular glycoprotein (McMahan, 1990); muscle-
specific receptor tyrosine kinase (MuSK) (Glass et al., 1996); and
rapsyn, an intracellular protein that interacts with the AChR
(Frail et al., 1988). Agrin activates MuSK and subsequently in-
duces activities of several intracellular enzymes, including Abl
(Finn et al., 2003), geranylgeranyltransferase I (Luo et al., 2003),
Rho-family GTPases (Weston et al., 2000), and p21-activated
kinase 1 (PAK1) (Luo et al., 2002). Rapsyn is a cytoplasmic pe-
ripheral membrane protein that is precisely colocalized with
AChRs in vivo (Bloch and Froehner, 1987; Gautam et al., 1995).
In rapsyn mutant myotubes, agrin activates MuSK but does not
induce phosphorylation or clustering of AChRs, indicating that
rapsyn transduces the action of agrin-activated MuSK (Gautam
et al., 1995; Apel et al., 1997). Although much progress has been
made toward understanding the mechanism for NMJ formation,
exactly how the agrin/MuSK signaling leads to AChR clusters
remains unclear.

Plasma membranes of many cell types contain microdomains
that are biochemically distinct from bulk plasma membrane,
commonly referred to as lipid rafts (Simons and Ikonen, 1997;
Brown and London, 1998). These domains, enriched in sphingo-
lipids and cholesterol, are believed to be able to diffuse laterally in
the plasma membrane. They may serve as floating shuttles to
bring together activated receptors and transducer molecules. For
example, lipid rafts are necessary for signaling pathways initiated
by IgE (Baird et al., 1999), T-cell antigen receptor activation
(Janes et al., 2001), and glial cell line-derived neurotrophic factor
receptor activation (Tansey et al., 2001). In the nerve system,
disruption of lipid rafts prevents neurons from responding prop-
erly to trophic factors, including neuregulin and BDNF (Ma et al.,
2003; Suzuki et al., 2004).

In this study, we investigated the function of lipid rafts in
AChR clustering. We show that the AChR and MuSK translocate
into lipid rafts after agrin stimulation. Disruption of lipid rafts
inhibits agrin-induced formation and maintenance of AChR
clusters. We investigated the role of lipid rafts in MuSK signaling
and AChR clustering. The results indicate that the dynamic trans-
location of MuSK is necessary for the activation of signaling path-
ways essential for AChR clustering. In addition, the interaction of
the AChR with rapsyn, which is present in lipid rafts constitu-
tively, requires lipid rafts. These results identified a critical role of
lipid rafts in AChR clustering.

Materials and Methods
Materials. Methyl-�-cyclodextrin (MCD), gelatin, genistein, fluorescein-
conjugated cholera toxin B subunit (FITC-CTX) and D-threo-1-phenyl-2-
decanoylamino-3-morpholino-1-propanol (PDMP) were obtained from
Sigma (St. Louis, MO). Interferon-gamma was obtained from BioSource
(Camarillo, CA). �-Bungarotoxin (�-BTX), biotin conjugated �-BTX,
and Alexa Fluor 594-conjugated �-BTX were obtained from Invitrogen
(Eugene, OR). Cyanogen bromide-activated Sepharose beads were ob-
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tained from Amersham Biosciences (Piscataway, NJ). Primary antibodies
were obtained from Santa Cruz Biotechnology (caveolin-3, s.c.-5310 and
transferrin receptor, s.c.-9099; Santa Cruz, CA) and Upstate Biotechnol-
ogy (mouse anti-phosphotyrosine 4G10, catalog number 05–321, and
mouse anti-Rac, catalog number 05–389; Lake Placid, NY). Anti-�-
AChR antibody (mAb210) and anti-�-AChR antibody (mAb124) were
gifts from Dr. J. Lindstrom (University of Pennsylvania Medical School,
Philadelphia, PA). Anti-synaptophysin antibody was obtained from
Dako (A0010; High Wycombe, UK). Rabbit anti-MuSK antibody was
generated using GST-fusion protein containing amino acids 517–569 of
mouse MuSK (Luo et al., 2002). Rabbit anti-rapsyn antibody was gener-
ated using GST-fusion protein containing N-terminal fragment of
mouse rapsyn. Soluble recombinant neural agrin was prepared from
COS cells with cDNA encoding the COOH-terminal half of agrin (Ferns
et al., 1993).

Cell culture. Mouse muscle C2C12 cells were maintained in a nutrient-
rich growth medium containing DMEM supplemented with 20% fetal
bovine serum, 0.5% chicken embryo extract, 2 mM L-glutamine, 100
U/ml penicillin, and 100 mg/ml streptomycin at 37°C in an atmosphere
of 5% CO2 and 95% humidity. To induce differentiation, myoblasts at
50 –70% confluence were switched to the differentiation medium,

DMEM supplemented with 4% horse serum, and 2 mM L-glutamine.
Rapsyn�/� (clone 11–7) and control (clone 12–10) myoblasts, gener-
ously provided by Dr. Christian Fuhrer (University of Zurich, Zurich,
Switzerland), cultured as described previously (Fuhrer et al., 1999).
Briefly, cells were maintained in the same basic medium as C2C12 cells,
with an additional 4 U/ml �-interferon. MuSK�/� myoblasts (gener-
ously provided by Dr. David Glass, Regeneron Pharmaceuticals, Tarry-
town, NY) were cultured in basic medium as C2C12 cells while with 20
U/ml �-interferon. These cells were grown on dishes coated with 0.2%
gelatin and maintained at 33°C with 5% CO2. To induce fusion, conflu-
ent cultures were cultured in C2C12 fusion medium at 37°C, 5% CO2. In
all experiments, the medium was replaced every day. Transient transfec-
tion of MuSK�/� cells was performed with lipofectamine 2000 accord-
ing to the instructions of the manufacturer (Invitrogen, Carlsbad, CA).

Isolation of lipid rafts. Lipid rafts were prepared as described previously
(Marchand et al., 2002). Briefly, C2C12 myotubes from a 60 mm dish,
either control or treated, were collected in PBS and resuspended in 2 ml
of lysis buffer containing 25 mM 2-[N-morpholino] ethanesulfonic acid,
pH 6.5, 150 mM NaCl, 0.5% Triton X-100, 1 mM PMSF, 10 �g/ml apro-
tinin, 1 �g/ml pepstatin A, and 1 �g/ml leupeptin. Cells were homoge-
nized by passing through a 27 gauge needle three times. Homogenates

Figure 1. Dynamic translocation of the AChR into lipid rafts by agrin. A, Distribution of AChR in naive C2C12 myotubes. Triton X-100-treated lysates of C2C12 myotubes were subjected to sucrose
gradient centrifugation. Twelve fractions were collected from top to bottom (1–12). Equal volumes of each of the 12 fractions were pooled together, which contain AChR in both raft and nonraft
fractions and taken as 100% or input. Each fraction was subjected to Western blot analysis using indicated antibodies. GM1 was assayed by using HRP-labeled CTX. Representative blots from three
independent experiments with similar results are shown. Right panels are standard curve blots showing various percentages of the input. Graphs at the bottom show protein and cholesterol content
in the 12 fractions. Cav-3, Caveolin-3. B, Neural agrin-induced translocation of AChRs into lipid rafts. Myotubes were treated with 1 nM muscle agrin [Ag(0,0), 18 h], 1 nM neural agrin [Ag(4,8), 18 h],
or 1 nM neural agrin for 12 h in the presence or absence of 2 nM neuregulin (NRG). Fractionation was done as in A. The amount of AChRs in lipid rafts (fraction 4 and 5) was calculated against the
standard curve of different percentages of the input. *p � 0.01, Student’s t test. C, AChR clusters colocalize with GM1 in C2C12 myotubes. Fully differentiated myotubes were incubated with 1 nM

neural agrin to induce AChR clusters, and myotubes were incubated with Alexa 594-conjugated �-BTX to stain the AChR and FITC-CTX to label GM1. D–F, Enrichment of the lipid raft marker GM1
at the NMJ. Adult rat diaphragm (D) and denervated leg muscle (E, F ) sections were stained for GM1 using FITC-CTX and AChR using Alexa 594-conjugated �-BTX (D, E) or for synaptophysin (F ). Scale
bars: C, D, 20 �m; E, F, 50 �m.
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were mixed with 2 ml of 80% sucrose (final concentration, 40%), loaded
at the bottom of a SW41Ti centrifuge tube (Beckman Instruments, Ful-
lerton, CA), and overlaid with 4 ml of 30% sucrose in the lysis buffer and
4 ml of 5% sucrose. The sample was centrifuged at 39,000 rpm for 16 h at
4°C. Twelve fractions (1 ml each) were collected from top to bottom and
designated as fractions 1–12. The fractions 4 and 5 containing caveolin-3
were designated the lipid raft fractions. Detergent-free isolation of lipid
rafts was performed as described previously (Song et al., 1996). To detect
ganglioside GM1, 1 �l of each fraction was dotted onto a nitrocellulose
membrane and probed with horseradish peroxidase-coupled CTX (10
ng/ml; Sigma) as described previously (Hering et al., 2003). The concen-
tration of cholesterol was measured using the Amplex Red cholesterol
assay kit (Invitrogen) according to the instructions of the manufacturer.
Protein concentration was determined using the Dc protein assay (Bio-
Rad, Hercules, CA).

Immunoprecipitation and immunoblotting. C2C12 myotubes, either
treated or control, were rinsed with ice-cold PBS and solubilized for 15
min on ice in modified radioimmunoprecipitation assay (RIPA) buffer
supplemented with the protease inhibitors. For MuSK phosphorylation
assay, lysates were centrifuged at 12,000 rpm for 10 min, and the super-
natants were immunoprecipitated at 4°C overnight with MuSK antibody
followed by protein A beads. For phosphorylation of �-subunits or
rapsyn-AChR interaction experiments, cell lysates were incubated with
�-BTX-conjugated Sepharose beads at 4°C overnight. After centrifuga-
tion, beads were washed four to five times with the lysis buffer. Bound
proteins were eluted with SDS sample buffer and subjected to SDS-
PAGE. Proteins resolved on SDS-PAGE were transferred to nitrocellu-
lose membranes (Schleicher and Schuell, Keene, NH). Nitrocellulose
blots were incubated at room temperature for 1 h in blocking buffer (TBS
with 0.1% Tween 20 and 5% milk), followed by an incubation with
indicated antibodies at 4°C overnight. For blotting with anti-
phosphotyrosine antibody, nitrocellulose blots were incubated with 3%
bovine serum albumin in the blocking buffer and 1% bovine serum
albumin in the blotting buffer. After washing three times for 15 min each
with TBS with 0.1% Tween 20, the blots were incubated with horseradish
peroxidase-conjugated secondary antibody (Amersham Biosciences) fol-
lowed by another wash. Immunoreactive bands were visualized using
enhanced chemiluminescence substrate (Pierce, Rockford, IL). All im-
munoblotting was repeated at least three times. In some experiments,
after visualizing an immunoreactive protein, the nitrocellulose filter was
incubated in a buffer containing 62.5 mM Tris/HCl, pH 6.7, 100 mM

�-mercaptoethanol, and 2% SDS at 50°C for 30 min, washed with TBS
with 0.1% Tween 20 at room temperature for 1 h, and reblotted with
different antibodies. For quantitative analysis, autoradiographic films
were scanned with an Epson 1680 scanner, and the captured image was
analyzed with NIH Image software.

Immunofluorescence confocal microscopy. Control and denervated (5 d
postdenervation) muscle sections and C2C12 myotubes were fixed in 4%
paraformaldehyde (PFA), and incubated with 2% normal goat serum
(Vector Laboratories, Burlingame, CA) in PBS for 1 h at room tempera-
ture to reduce background staining and then incubated with Alexa 594-
conjugated �-BTX to label AChRs. After washing three times, the
samples were incubated with FITC-CTX to label endogenous glyco-
sphingolipids, at 10 �g/ml in PBS with 0.1% BSA on ice for 45 min.
Confocal microscopy was performed with a Zeiss (Thornwood, NY) con-
focal microscope.

AChR clustering assays. Fully differentiated C2C12 myotubes, either
control or drug treated, were incubated with 1 nM neural agrin to induce
AChR clusters. After fixation in 2% PFA for 30 min, cells were incubated
with Alexa 594-conjugated BTX for 60 min to label AChR clusters. Myo-
tube segments (200 �m in length) were viewed at 40� magnification
with a Nikon (Tokyo, Japan) Optiphot microscope equipped with phase
and epifluorescence optics, and the number of AChR aggregates was
counted. AChR clusters with a shortest axis �4 �m were counted in 10
fields of each dish. Results are expressed as mean � SEM of at least three
independent experiments.

Labeling of surface AChRs. To label surface AChRs, C2C12 myotubes
were washed with cold PBS containing 1 mM MgCl2 and 0.1 mM CaCl2
and incubated with sulfosuccinimidyl-6-(biotin-amido)-hexanoate

(sulfo-NHS-LC-biotin) (Pierce, Rockford, IL) in the same buffer at room
temperature for 30 min. The labeling reaction was quenched by incuba-
tion with 0.1 M glycine for 10 min. Cells were harvested in the modified
RIPA buffer containing protease inhibitors. In some experiments, myo-
tubes were incubated with biotin-conjugated �-BTX at room tempera-
ture for 30 min to label functional surface AChRs. Lysates were incubated
with streptavidin agarose beads overnight at 4°C to isolate biotinylated
proteins, which were subjected to immunoblotting with anti-AChR sub-
unit antibody.

In utero injection. To study the effects of lipid raft disruption on AChR
clustering or NMJ formation in vivo, timed pregnant female mice were
injected intraperitoneally with MCD or DMSO (as control) at 10 mg/kg
body weight at embryonic day 14.5 (E14.5) or E18.5 once a day for 2 d.
AChR clusters were stained and quantified as described previously (Lin et
al., 2005). Briefly, diaphragms were dissected and stained whole mount
with Alexa 594-labeled �-BTX and rabbit anti-synaptophysin antibody
that was visualized by FITC-conjugated anti-rabbit antibody. Z-serial
images were collected using a Zeiss confocal laser-scanning microscope
(LSM 510 META 3.2). For AChR cluster size measurement, Z-serial im-
ages were collected with 60� oil objective.

Rac activity assay. C2C12 myotubes were treated with 5 nM neural
agrin for 15 min and then rinsed with ice-cold PBS. Cells were then lysed

Figure 2. Disruption of lipid rafts inhibits AChR cluster formation. A–E, C2C12 myotubes
were treated with indicated concentrations of MCD along with 1 nM neural agrin for 8 h and
stained with Alexa 594-conjugated �-BTX to label AChR clusters. Scale bar, 20 �m. F, Quanti-
tative analyses of AChR clusters in MCD-treated myotubes. AChR clusters, the size of which was
larger than 4 �m, were scored. Data are shown as means � SEM (n � 40). **p � 0.001, *p �
0.01, Student’s t test. G, Western blot analysis of surface AChR in MCD-treated myotubes. C2C12
myotubes were treated with 0 –2 mM MCD for 8 h. Surface proteins were biotinylated, purified
by streptavidin agarose beads, and probed with anti-�-subunit antibody. For surface func-
tional AChR labeling, myotubes were incubated with biotin-�-BTX followed by streptavidin
agarose purification.
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for 30 min on ice in modified RIPA buffer, and lysates were centrifuged
for 10 min at 21,000 � g at 4°C. The supernatants were incubated with
GST-PBD (Cdc42/Rac-binding domain of PAK fused to GST) fusion
protein bound to glutathione-coupled Sepharose beads for 30 min at
4°C. The beads were then washed three times in an excess of lysis buffer,
eluted in SDS buffer, and then analyzed by Western blotting with mouse
monoclonal antibody against Rac.

Results
Recruitment of AChRs into lipid rafts by agrin stimulation
To investigate whether the AChR associates with lipid rafts,
C2C12 myotubes were solubilized in 0.5% Triton X-100 at 4°C
and fractionated on a floatation gradient. After centrifugation, 12
fractions were collected from the top to bottom, and each frac-
tion was subjected to SDS-PAGE followed by immunoblotting
for lipid raft markers and anti-AChR antibodies. Caveolin is a
marker of lipid rafts (Evans et al., 2003; Ma et al., 2003), and its
muscle isoform-caveolin-3 was present in fractions 4 and 5 (Fig.
1A). Moreover, GM1, a ganglioside component of lipid rafts, and
cholesterol were also enriched in fractions 4 and 5 (Fig. 1A).
These two fractions accounted for �12% of total proteins, in line
with previous reports (Hering et al., 2003). These results indicate
that fractions 4 and 5 are those enriched in lipid rafts and there-
fore designated “lipid raft” fractions. In support of this notion is
the observation that the transferrin receptor (TfR), which is
known not to be associated with lipid rafts, was localized in the
high-density bottom fractions (Fig. 1A). AChRs, detected by an-
tibodies against either � or � subunits, were barely detectable in
the top low-density fractions of the discontinuous gradient (Fig.
1A). However, they were present in the soluble, high-density
bottom fractions (fractions 9 –12). These results suggest that in
naive C2C12 myotubes, the majority of AChRs is associated with
nonraft fractions.

To determine whether the localization of AChRs is regulated,
C2C12 myotubes were stimulated with 1 nM neural agrin for 18 h.
Under this condition, the number of AChR clusters increased
�10-fold (Wallace, 1988; Ferns et al., 1993; Luo et al., 2002).
Agrin-treated myotubes were lysed, and resulting lysates were
subjected to discontinuous density centrifugation. As shown in
Figure 1B, AChRs were readily detectable in lipid raft fractions
after agrin stimulation. The amount of AChRs in lipid rafts was
increased from 3.8 � 0.7% in naive cells to 24.6 � 6.4% in agrin-
stimulated (18 h) cells (means � SEM; n � 5; p � 0.01). The
effect of neural agrin was specific, because muscle agrin appeared
to have little effect on the distribution of AChRs. Moreover, the
TfR, which was associated with nonrafts in naive cells, remained
in the nonraft fractions even after neural agrin treatment (Fig.
1B). Neuregulin stimulation of muscle cells was shown to atten-
uate AChR clustering by agrin (Trinidad and Cohen, 2004) and
recruits ErbB kinases into lipid rafts (Ma et al., 2003). We studied
the effect of neuregulin on agrin-induced AChR relocation into
lipid rafts. C2C12 myotubes were treated with 2 nM neuregulin
alone or in combination with 1 nM agrin. As shown in Figure 1B,
neuregulin alone was unable to recruit AChRs to lipid rafts and
had no consistent effect on agrin-induced AChR translocation.

Figure 3. PDMP treatment attenuates AChR cluster formation. A–D, C2C12 myotubes were
pretreated with various concentrations of PDMP for 24 h before the addition of neural agrin (1
nM, final concentration). After 8 h, AChR clusters were visualized as in Figure 2 A. E, Quantitative
analyses of AChR clusters in PDMP-treated myotubes. AChR clusters, the size of which was larger
than 4 �m, were scored. Data are shown as means � SEM (n � 40). *p � 0.01, Student’s t

4

test. F, C2C12 myotubes were treated with PDMP at indicated concentrations for 24 h, washed,
and incubated in the PDMP-free medium for another 24 h. Myotubes were stimulated with 1 nM

neural agrin for 8 h, and AChR clusters were assayed. G, Western blot analysis of surface AChR in
PDMP-treated myotubes. C2C12 myotubes were treated with 0 –30 �M PDMP for 24 h. Surface
proteins were biotinylated, purified by streptavidin agarose beads, and probed with anti-�-
subunit antibody. For surface functional AChR labeling, myotubes were incubated with biotin-
BTX followed by streptavidin agarose purification.
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These results indicated that agrin induces the translocation of
AChRs into lipid rafts and that this effect is neural agrin specific.

To determine whether AChR clusters are colocalized with
lipid rafts in muscle cells, C2C12 myotubes were stimulated with
1 nM agrin for 18 h, fixed, and stained with FITC-CTX. This toxin
binds to the ganglioside GM1, a component of lipid rafts (Schon
and Freire, 1989), and has been used extensively as a lipid raft
marker in a variety of cells and tissues (Harder et al., 1998; Bruses
et al., 2001). Myotubes were costained with Alexa 594-conjugated
�-BTX to label the AChR. As shown in Figure 1C, CTX colocated
with AChR clusters, suggesting that lipid rafts are associated with
clustered AChR in cells. Approximately half of the GM1 clusters
did not contain AChR, whereas �75% of AChR clusters colocal-

ized with GM1. Subsequently, we investigated whether lipid rafts
are enriched at the NMJ by staining rat diaphragm sections with
CTX and �-BTX. GM1 showed a pattern of labeling strikingly
similar to that of the BTX staining (Fig. 1D). Merging the two
images indicated that GM1 is localized at the NMJ. To eliminate
possible contamination by presynaptic nerve terminals, muscles
were denervated, which causes rapid degeneration of nerve ter-
minals. Before the development of pathological conditions, ex-
pression of postsynaptic proteins is normal or elevated to com-
pensate the loss of presynaptic input (Tanowitz and Mei, 1996;
Tanowitz et al., 1999). As shown in Figure 1, E and F, GM1 as well
as AChR, but not synaptophysin, a presynaptic marker, remained
in denervated muscles. These suggest that AChRs are associated
with lipid rafts in the postjunctional membrane. These observa-
tions reveal that clustered AChRs were localized in lipid rafts in
cultured muscle cells and at the NMJ, suggesting a role of the
microdomains in AChR clustering.

Figure 4. Decreased stability of AChR clusters in myotubes treated with MCD. A–F, C2C12
myotubes were incubated with 1 nM neural agrin for 18 h to induce AChR clusters. Cells were
washed and incubated with or without agrin in the presence or absence of 2 mM MCD for
indicated times. G, Quantitative analysis of data shown in A–F. AChR clusters, the size of which
was larger than 4 �m, were scored. Data are shown as means � SEM (n � 40).

Figure 5. Lipid rafts are required for both AChR formation and maintenance in vivo. Dia-
phragm muscles were collected from E16.5 embryos of pregnant females injected daily with
DMSO as a control (A) or MCD (B) and from P0 newborn pups of pregnant mice injected with
DMSO (C) and MCD (D) starting at E18.5. Whole-mount diaphragm muscles were double stained
with Alexa 594-conjugated �-BTX and anti-synaptophysin antibodies. In contrast to numerous
and larger clusters in controls, few and smaller AChRs were present in mice treated with MCD.
Inset, Synaptophysin-rich nerve terminals (green) were apposed by AChR clusters (red) (yellow
color indicates colocalization) in controls, whereas in MCD-treated mice, nerve terminals were
not well apposed by AChR clusters. Quantitative analysis of average area (�m 2) of individual
AChR clusters (E) and numbers of AChR clusters/field (F ) was measured as described in Materi-
als and Methods. Data are shown as means � SEM (n � 35). *p � 0.01, compared with
controls; Student’s t test. Scale bars, 100 �m.
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Disruption of lipid rafts inhibits AChR
cluster formation and stability
If lipid rafts are important for AChR clus-
ters, their disruption should inhibit AChR
cluster formation. To test this hypothesis,
C2C12 myotubes were treated with MCD,
a water-soluble cyclic oligomer that se-
questers cholesterol within its hydropho-
bic core, thereby depleting cholesterol
from the plasma membrane and dispers-
ing lipid rafts (Simons and Toomre, 2001;
Tansey et al., 2001; Ma et al., 2003). Before
investigating the effect of MCD on AChR
clustering, we determined its effect on
myotube viability. Quantitative analysis
using trypan blue exclusion indicated that
the percentage of dead myotubes after
MCD treatment (0.1–2 mM; 8 h) was the
same as control (�0.6%). Furthermore,
there was no difference in morphology be-
tween control and MCD-treated myo-
tubes (data not shown). Thus, MCD did
not affect the viability of cultured C2C12
cells under these conditions. In the pres-
ence of MCD, however, agrin-induced
AChR aggregates were impaired in C2C12
myotubes (Fig. 2A–E). The effect does not
appear to be nonspecific, because it is con-
centration dependent (Fig. 2F). To ensure
that the decrease in AChR clusters was
caused by disruption of lipid rafts, we
studied the effect of PDMP, a chemical
that disrupts lipid rafts by a different
mechanism (Nagafuku et al., 2003).
PDMP decreases sphingolipid levels in the
membrane by inhibiting glycosphingo-
lipid biosynthesis (Inokuchi et al., 1987).
PDMP treatment inhibited AChR cluster
formation in a dose-dependent manner
(Fig. 3A–E), in support of the view that
lipid rafts are necessary for AChR cluster-
ing. The inhibitory effect of PDMP was
reversible when treated myotubes were
cultured in PDMP-free medium (Fig. 3F).
To exclude the possibility that the reduc-
tion in AChR clusters was not caused by a
decrease in surface AChR, myotubes
treated with MCD, PDMP, or vehicle were
incubated with sulfo-NHS-LC-biotin to
label surface proteins. Biotinylated pro-
teins were purified with streptavidin beads
and probed for the �-subunits. The
amounts of surface AChRs were similar in
control cells and in cells treated with MCD
or PDMP at concentrations that attenuate
AChR clustering (Figs. 2G, 3G). Choles-
terol has been shown to affect eletrophysi-
ological properties of the AChR in recon-
stituted lipids (Barrantes, 2004). We
assayed whether MCD and PDMP may af-
fect the binding activity of the AChR to
�-BTX. Live control or treated C2C12
myotubes were incubated with biotinyl-
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ated �-BTX to label the AChR. �-BTX-bound AChR was purified
by streptavidin beads. As shown in Figures 2G and 3G, the
amounts of AChRs able to bind to �-BTX were similar in control
and in MCD- or PDMP-treated myotubes, suggesting that the
�-BTX-binding activity was not affected when lipid rafts were
disrupted.

We also investigated the effect of lipid rafts on the stability of
AChR clusters. C2C12 cultures were treated overnight with agrin
to induce AChR clusters and switched to media with or without
MCD. MCD treatment increased the rate of disappearance of
AChR aggregates (Fig. 4A–F). The effect of MCD was detectable
within 3 h. The half-life of AChR clusters (�4 �m) in control
cells was �7 h, consistent with previous reports (Wallace, 1988;
Kim and Nelson, 2000), whereas in the presence of MCD, AChR
cluster became less stable, with a half-life �3 h (Fig. 4G). AChR
clusters are stable in the presence of agrin, barely decreasing in
half-life. Interestingly, the ability of agrin to maintain AChR clus-
ters was impaired in the presence of MCD. The half-life of AChR
clusters in the presence of both agrin and MCD was �3 h, not
different from that in the presence of MCD alone (Fig. 4G). These
results, together with those that disruption of lipid rafts inhibited
agrin/MuSK signaling (below), could suggest that lipid rafts are
important for agrin/MuSK signaling, in addition to serving as
microdomains that hold AChR together. Together, these results
suggest that lipid rafts are required for both the formation and
maintenance of AChR clusters.

To determine whether lipid rafts are necessary for AChR clus-
tering in vivo, pregnant mice were injected with MCD to disrupt
lipid raft structure, and the effect on AChR clusters was exam-
ined. This approach has been used successfully to show the in-
volvement of Cdk5 in AChR clustering in vivo (Lin et al., 2005).
MCD was injected into pregnant mice at E14.5, when the NMJ
starts to form, or at E18.5, when the formation is complete, once
a day for 2 d, and diaphragms were examined at E16.5 and post-
natal day 0 (P0), respectively. As shown in Figure 5, MCD de-
creased the number and size of AChR clusters at both ages, sug-
gesting that lipid rafts may be necessary for AChR cluster
formation and maintenance. We are unable to exclude the possi-
bility that the in vivo effect on AChR clustering may result from
lipid raft disruption at presynaptic terminals. However, the nerve
terminals visualized by anti-synaptophysin antibody was similar
in control and MCD-treated muscles. Because of a decrease in
AChR clusters, many nerve terminals were not colocalized with

�-BTX staining (Fig. 5D, inset), in contrast to the control P0
mice, in which almost all terminals were associated with AChR
clusters (Fig. 5C, inset, yellow dots). These results, together with
observations that lipid raft disruption inhibits AChR clustering in
cultured muscle cells, suggest a role of lipid rafts in postsynaptic
differentiation at the NMJ.

Agrin-induced translocation of MuSK into lipid rafts
The observation that C2C12 myotubes do not form AChR clus-
ters in response to agrin when lipid rafts are disrupted suggests at
least two regulatory mechanisms of lipid rafts for this event. First,
lipid rafts may serve as a platform for AChR to interact cytoskel-
etal proteins necessary for clustering. Alternatively, they are nec-
essary for agrin/MuSK signaling machineries. Signaling pathways
of several type I transmembrane kinases have been shown to
depend on lipid rafts (Citores et al., 1999; Mineo et al., 1999;
Suzuki et al., 2004). Thus, we investigated whether agrin/MuSK
signaling is altered when lipid rafts are disrupted. First, we exam-
ined whether MuSK translocates into lipid rafts after agrin stim-
ulation. In addition to lipid rafts of Triton X-100-insoluble frac-
tions, we also prepared lipid rafts using sodium carbonate buffer
(Song et al., 1996). In naive C2C12 myotubes, little if any MuSK
was present in lipid rafts (Fig. 6A, fractions 4 and 5; C, fractions 5
and 6). Interestingly, the application of neural agrin induced an
increase of MuSK in lipid rafts. In contrast, muscle agrin, which is
unable to stimulate MuSK, was ineffective, suggesting the recruit-
ment effect was neural agrin specific (Fig. 6A,C). A time course
study demonstrated that the partition of MuSK into rafts peaked
between 15 and 30 min after stimulation (Fig. 6B,D). MuSK
remained in the lipid raft fraction for �1 h and returned to the
basal level 4 h after stimulation when tyrosine phosphorylation of
MuSK was barely detectable (data not shown). The time course of
MuSK partition into lipid rafts was apparently ahead of that of the
AChR, which increases gradually after stimulation (Fig. 6B,D).
This observation is in agreement with the notion that AChR clus-
tering is downstream of MuSK activation. Next, we asked
whether recruitment of MuSK and the AChR into lipid rafts was
dependent on MuSK activity. Myotubes were pretreated, before
agrin stimulation, with genistein, a tyrosine kinase inhibitor
known to inhibit agrin-induced activation of MuSK and down-
stream pathways (Wallace, 1995; Ji et al., 1998). The amount of
MuSK and AChRs in the lipid rafts (fractions 4 and 5) was exam-
ined at 15 and 60 min, respectively, after agrin stimulation. Treat-

ment with genistein inhibited agrin-
induced translocation of both MuSK and
AChRs into lipid rafts (Fig. 6E), suggest-
ing that MuSK recruitment possibly re-
quires the kinase activity. To further test
this hypothesis, MuSK�/� myoblasts
were transfected with wild-type or kinase-
inactive MuSK together with a vector con-
taining the neomycin resistant gene.
Transfection of wild-type MuSK, but not
the kinase-dead mutant, restores the abil-
ity of MuSK�/� myotubes to respond to
agrin (Luo et al., 2002). After selection by
growing in G418 medium, transfected
myoblasts were induced to form myo-
tubes. Stimulation of agrin caused AChR
relocation into lipid raft fractions in
MuSK�/� transfected with wild-type
MuSK. In cells transfected with kinase-
dead MuSK, where MuSK phosphoryla-

4

Figure 6. Agrin-induced MuSK translocation into lipid rafts requires MuSK activation. A, MuSK translocation to rafts by neural
agrin. Myotubes were treated without (control) or with 5 nM neural agrin or muscle agrin for 15 min and fractionated as in Figure
1 A and probed with anti-MuSK antibody. Histograms on the right show quantitative analysis of data (means � SEM; n � 5).
*p � 0.01, Student’s t test. B, Time course of neural agrin-induced recruitment of MuSK and AChR into lipid rafts. C2C12 myotubes
were treated with 5 nM neural agrin for indicated times. After discontinuous gradient centrifugation, combined lipid raft fractions
(fractions 4 and 5) were subjected to Western blotting with indicated antibodies. Results of quantitative analyses are shown on the
right (means � SEM; n � 5). C, Agrin-induced MuSK translocation to rafts prepared by detergent-free methods. Myotubes were
treated as in Figure 6 A. Instead of Triton X-100, homogenates were sonicated in sodium carbonate buffer. Thirteen fractions were
collected and probed with anti-MuSK and AChR antibodies. D, Time course of agrin-induced recruitment of MuSK and AChR into
lipid rafts prepared by detergent-free methods. C2C12 myotubes were treated with 5 nM neural agrin for indicated times. After
discontinuous gradient centrifugation, combined lipid raft fractions (fractions 5 and 6) were subjected to Western blotting with
indicated antibodies. E, Inhibition of MuSK and the AChR recruitment into rafts by the tyrosine kinase inhibitor genistein. C2C12
myotubes were pretreated with genistein (100 �g/ml; 1 h) before stimulation without or with neural agrin (5 nM; 15 min for MuSK
and 60 min for AChR). Lipid raft fractions were subjected to Western blotting using indicated antibodies. Histograms on the right
show quantitative analysis of data (means � SEM; n � 5). *p � 0.01, Student’s t test. F, Agrin induced AChR translocation in
MuSK�/� cells transfected with wild-type (WT) MuSK. MuSK�/� cells were transfected with Flag-tagged MuSK wild-type and
kinase-dead (KD) constructs, respectively. Transfected cells were stimulated with 5 nM neural agrin (15 min) for MuSK phosphor-
ylation (left panels) and its translocation to lipid rafts (right panels) or with 5 nM neural agrin (8 h) for AChR localization (right
panels).
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tion was impaired (Fig. 6F, left panels), the
inactive MuSK remained in nonraft frac-
tions after agrin stimulation (Fig. 6F, right
panels). These results suggest that MuSK
kinase activity is required for AChR as well
as MuSK translocation to lipid rafts.

Inhibition of Agrin/MuSK signaling by
MCD and PDMP
To determine whether agrin/MuSK signal-
ing requires lipid rafts, we examined
MuSK tyrosine phosphorylation in agrin-
treated C2C12 myotubes in the presence
or absence of MCD or PDMP. Neural
agrin (5 nM) increased tyrosine phosphor-
ylation of MuSK within 15 min in control,
but not in MCD or PDMP pretreated
myotubes (Fig. 7A), suggesting the neces-
sity of lipid rafts in agrin activation of the
kinase. Agrin activates GTPases of the Rho
family, including Rac1 and Cdc42, which
are required for AChR clustering (Weston
et al., 2000; Luo et al., 2002). Such activa-
tion is absent in MuSK�/� muscle cells,
which could be restored by transfection
with wild-type MuSK, suggesting that it is
dependent on MuSK (Luo et al., 2002). To
determine whether lipid rafts are impor-
tant for activation of Rho GTPases by
agrin, C2C12 myotubes were pretreated
with MCD or PMDP before agrin stimula-
tion. The amount of active Rac1, purified
by GST-PBD immobilized on beads, was
revealed by Western blotting. In control
cells, agrin treatment elicited an approxi-
mately threefold increase in active Rac1
(Fig. 7B). However, agrin-induced Rac1
activation was inhibited in myotubes
treated with either MCD or PDMP. The
AChR becomes tyrosine phosphorylated
after agrin stimulation (Wallace, 1991).
Phosphorylation of the AChR is impli-
cated in AChR clustering by regulating the
association of the receptor with cytoskel-
etal proteins (Wallace, 1995; Borges and Ferns, 2001). To inves-
tigate whether lipid rafts are necessary for agrin-induced AChR
phosphorylation, the �-subunit was immunoprecipitated and
examined for phosphotyrosine content by immunoblotting us-
ing an anti-phosphotyrosine antibody. Pretreatment with MCD
or PDMP attenuated agrin-induced increase in �-subunit phos-
phorylation (Fig. 7C). These results suggest that lipid rafts are
necessary for activation of MuSK and subsequently of GTPases of
the Rho family and tyrosine phosphorylation of the AChR.

Regulation of the interaction between the AChR and rapsyn
by lipid rafts
Rapsyn is believed to bridge the receptor to cytoskeletal proteins
(Apel et al., 1995). There is a consensus myristoylation site in the
N terminal of the rapsyn protein. Rapsyn is enriched in the lipid
raft fraction when expressed in human embryonic kidney 293
cells (Marchand et al., 2002). However, whether the endogenous
rapsyn in muscle cells partition in lipid rafts and, if so, whether it
is regulated by agrin remained unclear. To address these ques-

tions, control and agrin-treated C2C12 myotubes were subjected
to lipid raft isolation. Rapsyn appeared to exist only in fractions
comigrating with caveolin-3, with little or minimal amounts in
bottom nonraft fractions (Fig. 8A). Importantly, this distribu-
tion pattern of rapsyn remained the same after agrin treatment.
These results suggest that rapsyn is associated in lipid raft mi-
crodomains regardless of agrin stimulation. In contrast, agrin
stimulation translocates the AChR from nonraft fractions into
lipid rafts (Figs. 1B, 6B). Together with a previous observation
that the AChR-rapsyn association is increased by agrin (Moran-
sard et al., 2003), these results suggest a role of rapsyn in AChR
partition in lipid rafts in response to agrin. This notion predicts
that the AChR may not be enriched in the raft fraction in the
absence of rapsyn. We tested this hypothesis in muscle cells de-
rived from rapsyn mutant mice (Fuhrer et al., 1999). Rapsyn
mutant muscle cells do not form AChR clusters when challenged
with agrin (Apel et al., 1997; Fuhrer et al., 1999). In control cells,
agrin stimulation increased the amount of the AChR �-subunit
in lipid rafts, in agreement with data from studies of C2C12 cells

Figure 7. Disruption of lipid rafts attenuates the agrin/MuSK signaling. A, Inhibition of agrin-induced MuSK phosphorylation
by MCD. Myotubes were pretreated with 2 mM MCD for 8 h or 30 �M PDMP for 24 h before stimulation with agrin (5 nM; 15 min).
MuSK was immunoprecipitated and examined for tyrosine phosphorylation by immunoblotting (IB) with anti-phosphotyrosine
antibody (top panel). The bottom panel shows an equal amount of precipitated MuSK. B, Disruption of lipid rafts inhibits Rac
activation. Active Rac was purified by GST-PBD immobilized on beads and revealed by Western blotting with anti-Rac antibody
(top panel). The bottom panel shows equal amounts of Rac. C, Effect of lipid raft disruption on AChR tyrosine phosphorylation. The
AChR was purified by �-BTX immobilized on beads and subjected to Western blotting with anti-phosphotyrosine antibody (top
panel) or anti-�-subunit antibody (bottom panel). Histograms on the right in each panel show quantitative analysis of data
(means � SEM; n � 5). *p � 0.01, Student’s t test.
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(Fig. 8B). However, in muscle cells deficient in rapsyn, the
�-subunit was confined to the bottom nonraft fractions, even
after agrin stimulation (Fig. 8B). To further investigate the role of
lipid rafts in AChR clusters, we characterized the localization of

AChRs, rapsyn, and MuSK in agrin-stimulated C2C12 myotubes
in the presence of MCD, which disrupts lipid rafts. As shown in
Figure 8C, MCD shifted raft markers, including GM1 and
caveolin-3 from the raft fractions to the nonraft fractions. AChRs
and MuSK were no longer present in lipid raft fractions in agrin-
treated myotubes in the presence of MCD. Remarkably, when the
AChR was purified after disruption of lipid rafts, it no longer
associated with rapsyn, suggesting that the interaction of the two
proteins requires lipid rafts (Fig. 8D). These results suggest that
MCD acts by disturbing lipid rafts. The correlation between the
shift from raft to nonraft fractions and the inhibitory effect on
AChR clustering suggest a role of lipid rafts in AChR clustering.
Moreover, lipid rafts may serve as a platform for the AChR-
rapsyn interaction.

Discussion
In the present study, we provide evidence that lipid rafts play an
important role in regulating AChR clustering. The AChR trans-
locates from nonraft microdomains into the lipid raft fractions
after agrin stimulation. This translocation follows MuSK parti-
tion into lipid rafts and requires its activation. Immunohisto-
chemical staining shows that the NMJ in vivo is enriched with
GM1, a key component of lipid rafts. Disruption of lipid rafts
inhibits activation of MuSK and its downstream signaling ma-
chineries and subsequent AChR clustering in response to agrin.
Rapsyn is located in the lipid raft fraction, regardless of agrin
stimulation. Remarkably, perturbation of lipid rafts attenuates
the interaction between rapsyn and the AChR. We propose a
working model to explain these results. After agrin stimulation,
MuSK translocates into lipid rafts to initiate signaling machiner-
ies necessary for AChR clustering. Concomitantly, the AChR is
recruited to the raft microdomains, where it interacts with
rapsyn, which constitutively localized in lipid rafts. Thus, lipid
rafts may regulate AChR clustering by facilitating the agrin/
MuSK signaling and the interaction between the receptor and
rapsyn. These results provide insight into mechanisms of AChR
cluster formation.

Recent studies suggest that cell membrane is not a homoge-
nous fluid bilayer. It contains discrete lateral microdomains with
characteristic subsets of lipids and proteins. One such microdo-
main is lipid rafts, which have received much attention in the past
few years. Lipid rafts are enriched in cholesterol and sphingolip-
ids that exist in the liquid-ordered state. They form islands in the
plasma membrane, which is composed mainly of lipids in the
liquid-disordered state. Proteins that concentrate in lipid rafts
include glycosylphosphatidylinositol-linked proteins (Hooper,
1999; Tansey et al., 2001), doubly acylated proteins such as �
subunits of heterotrimeric G-proteins and Src-family kinases
(Resh, 1999), and cholesterol-linked or palmitoylated proteins
such as Hedgehog (Brown and London, 1998). Concentrating
these molecules in a microdomain, lipid rafts may provide a plat-
form for a better interaction between the proteins necessary for
coordinated signal transduction. In our study, we found that the
partition of MuSK into rafts increases after agrin stimulation, and
this translocation depends on its tyrosine kinase activity. The
dynamic behavior of MuSK into lipid rafts is most analogous to
several tyrosine kinase receptors, including TrkB (Suzuki et al.,
2004), c-Ret (Tansey et al., 2001), and ErbB4 (Ma et al., 2003).
Once stimulated by the respective ligand, these transmembrane
kinases translocate into lipid rafts, and such translocation is nec-
essary for signaling. Remarkably, MuSK translocation to rafts was
followed by the recruitment of the AChR, suggesting a sequential
signal transduction within lipid rafts. Importantly, lipid raft dis-

Figure 8. Rapsyn-dependent AChR enrichment in lipid rafts and disruption of lipid rafts
inhibit the AChR-rapsyn interaction. A, Presence of rapsyn in lipid rafts regardless of agrin
stimulation. Control or stimulated myotubes were subjected to fractionation as in Figure 1 A.
Twelve fractions were analyzed for rapsyn by Western blotting. B, Inability of the AChR to
relocate into lipid rafts in rapsyn�/� myotubes stimulated with neural agrin. Rapsyn�/�
and control myotubes were stimulated without (top two panels) or with (bottom two panels)
neural agrin (5 nM; 8 h) and subjected to fractionation as in Figure 1. Fractions were probed with
anti-�-subunit antibody. C, MCD treatment shifts postsynaptic proteins from raft to nonraft
fractions. C2C12 myotubes were pretreated with 2 mM MCD for 8 h followed by neural agrin
stimulation (5 nM; 15 min for MuSK, rapsyn, caveolin-3 and GM1; 16 h for AChR �-subunit). Cells
were subjected to fractionation as in Figure 1. D, Agrin-induced rapsyn-AChR interaction was
inhibited by lipid raft disruption. Myotubes pretreated with MCD (2 mM; 8 h) were stimulated
with neural agrin (5 nM; 60 min). The AChR and associated proteins were purified by �-BTX
immobilized on beads and subjected to Western blotting with anti-rapsyn antibody (top panel)
and anti-�-subunit antibody. Histograms on the right show quantitative analysis of data
(means � SEM, n � 5). *p � 0.01, Student’s t test.
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ruption, either by removing cholesterol from the membrane or
by reducing the glycosphingolipid level, inhibits MuSK signaling,
including MuSK phosphorylation, AChR �-subunit phosphory-
lation, and activation of the Rac1 GTPases (Fig. 7). Tyrosine
phosphorylated AChR is less detergent extractable than non-
phosphorylated AChR, indicating that it is preferentially linked
to the cytoskeleton (Ferns et al., 1996; Borges and Ferns, 2001).
Phosphorylation could regulate anchoring of the AChR through
a direct interaction with a cytoskeletal protein or indirectly via a
linker protein. Rapsyn links AChR to cytoskeleton, and agrin-
induced rapsyn-AChR interaction requires tyrosine kinase activ-
ity (Moransard et al., 2003). The Rho family of small GTPases,
including Rac and Cdc42, is implicated in coupling agrin signal-
ing to AChR clustering. We showed that disruption of lipid rafts
attenuated Rac activation, providing a mechanism for agrin/
MuSK signaling.

Neural agrin induces the interaction of the AChR with rapsyn,
which is believed to link the receptor to cytoskeleton (Moransard
et al., 2003). The rapsyn-AChR interaction is necessary for AChR
clustering. Rapsyn is constitutively localized in lipid rafts (Fig.
8A), presumably via myristoylation at the N terminus (March-
and et al., 2002), whereas the AChR is present in nonraft mi-
crodomains in naive muscle cells (Fig. 1A). How could these two
proteins interact, being in different subcellular compartments?
We show that AChR translocation into lipid rafts occurs gradu-
ally, with a maximum after 4 h of agrin stimulation (Fig. 6B,D).
The AChR kinetics appeared to parallel that of cluster formation,
which is detectable at 4 h and is maximal after 8 h of agrin stim-
ulation. The mechanism underlying the AChR partition into
lipid rafts is unclear. Its increase by agrin suggests that the AChR
may undergo chemical modification such as phosphorylation
that increases the interaction of the receptor with lipid rafts
and/or rapsyn. Once the AChR is recruited into the lipid rafts, it
interacts with rapsyn and becomes anchored. This notion is sup-
ported by the following observations. First, the AChR partition in
lipid rafts requires the presence of rapsyn. In muscle cells defi-
cient in rapsyn, the AChR was not present in lipid rafts even after
agrin stimulation (Fig. 8B). Second, when lipid rafts were dis-
rupted by MCD, which prevents the AChR from being recruited,
the phosphorylation of the AChR �-subunit was attenuated (Fig.
7C). Third, lipid raft disruption also inhibits the interaction be-
tween the rapsyn and the AChR (Fig. 8D). Note that the amount
of rapsyn and surface AChR remains unchanged during the pe-
riods of MCD treatment but then are present mainly in nonraft
fractions. Under these conditions, however, the interaction be-
tween the two proteins was barely detectable regardless of
whether the cells were stimulated with agrin (Fig. 8D). These
results suggest that the rapsyn-AChR interaction requires lipid
rafts.

In summary, our results indicate that lipid rafts are required
for agrin/MuSK signaling pathway and for the interaction of
rapsyn with AChRs. Depletion of cholesterol/sphingolipid leads
to instability of surface AMPA receptors and gradual loss of syn-
apses (both inhibitory and excitatory) and dendritic spines (Her-
ing et al., 2003). Several ligand-gated ion channels, including the
neuronal AChR, the GABA receptor, and the AMPA-type gluta-
mate receptor, have been shown to be in lipid rafts (Becher et al.,
2001; Bruses et al., 2001; Dalskov et al., 2005). Therefore, our
study may provide insight into the mechanism of CNS
synaptogenesis.
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