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Abstract—Although much progress has been made in under-
standing synapse formation, little is known about the mech-
anisms underlying synaptic maintenance and loss. The for-
mation of agrin-induced AChR clusters on cultured myotubes
requires both activation of the receptor tyrosine kinase MuSK
and intracellular calcium fluxes. Here, we provide evidence
that such AChR clusters are maintained by agrin/MuSK-in-
duced intracellular calcium fluxes. Clamping intracellular cal-
cium fluxes after AChR clusters have formed leads to rapid
MuSK and AChR tyrosine dephosphorylation and cluster dis-
persal, even in the continued presence of agrin. Both the
dephosphorylation and the dispersal are inhibited by the
tyrosine phosphatase inhibitor pervanadate. In contrast,
clamping intracellular calcium at the time of initial agrin stim-
ulation has no effect on agrin-induced MuSK or AChR phos-
phorylation, but blocks AChR cluster formation. These find-
ings suggest an avenue by which postsynaptic stability can
be regulated by modification of intracellular signaling path-
ways that are distinct from those used during synapse
formation. © 2003 IBRO. Published by Elsevier Ltd. All rights
reserved.
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Information processing in the nervous system depends
upon appropriate patterning of synaptic connectivity. Syn-

aptic organization is the result of competing, often experi-
ence-dependent factors that drive the formation, persis-
tence and loss of synapses between neurons and their
targets. These elements are critical for the precise devel-
opment of the nervous system. For example, nerve–mus-
cle connectivity is shaped by the activity-dependent elim-
ination of synapses on multiply innervated myofibers (Licht-
man and Colman, 2000). Dynamic patterning of synaptic
connectivity persists throughout life in at least some areas
of the nervous system and may be a basis for learning and
memory (Muller et al., 2002).

Understanding how proper synaptic organization is
achieved requires knowledge of the cellular and molecular
mechanisms mediating synapse differentiation and elimi-
nation. The best understood aspect of synaptogenesis is
the marshalling of neurotransmitter receptors to the
postsynaptic membrane. High density arrays of receptors
are characteristic of fast synapses throughout the nervous
system (Hack et al., 2002; Heck et al., 2002). This cluster-
ing of neurotransmitter receptors is mediated by the coor-
dinated action of distinct sets of cytoskeletal, transmem-
brane, and extracellular matrix molecules (Ango et al.,
2002; Apel et al., 1997; Coleman et al., 2003; O’Brien et
al., 1999; Wang et al., 1999).

Knowledge of the detailed mechanisms underlying
postsynaptic differentiation is most advanced at the neu-
romuscular junction (NMJ). Formation of this synapse is
directed by agrin, an extracellular matrix molecule se-
creted by the motor nerve terminal (McMahan and Wal-
lace, 1989). Postsynaptic differentiation can be modeled in
culture where the addition of agrin induces the formation of
acetylcholine receptor (AChR) clusters on the myotube
surface (see Sanes and Lichtman, 2001, for review).
These agrin-induced AChR aggregates display many hall-
marks of the postsynaptic apparatus including the selec-
tive concentration of MuSK, rapsyn, and a variety of other
cytoskeletal, transmembrane and extracellular matrix com-
ponents (Bowen et al., 1998; Gautam et al., 1996; Lieth
and Fallon, 1993; Nitkin and Rothschild, 1990; Ruegg and
Bixby, 1998; Wallace, 1988). An intracellular signaling cas-
cade is triggered when agrin binds to a receptor complex
consisting of the receptor tyrosine kinase MuSK and a
putative co-receptor (Glass et al., 1996). Downstream of
MuSK activation, the pathway leading to AChR cluster
formation requires the cytosolic protein rapsyn (Gautam et
al., 1995) and nitric oxide (Jones and Werle, 2000). Acti-
vated MuSK also leads to the tyrosine phosphorylation of
AChRs, likely through the activation of a src-family kinase
(Herbst et al. 2002; Luo et al., 2002; Meyer and Wallace,
1998; Mittaud et al., 2001; Mohamed et al., 2001; Smith et
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al., 2001). Agrin is also necessary, probably through a less
direct route, for presynaptic differentiation and synapse-
selective transcription (Burgess et al., 1999; De Chiara et
al., 1996; Gautam et al., 1996).

Calcium plays at least two roles in agrin-induced AChR
clustering. Extracellular calcium is necessary for agrin to
activate MuSK, while intracellular calcium plays an integral
role in the agrin signaling pathway (Borges et al., 2002;
Megeath and Fallon, 1998). Clamping intracellular calcium
concentrations at the time of agrin addition inhibits AChR
cluster formation. Notably, these calcium fluxes are likely
to act downstream of the early events in the agrin signaling
cascade, since they are not required for agrin-induced
MuSK activation (Borges et al., 2002 and see below).
Moreover, in previous work we have shown that in chick
myotubes agrin-induced AChR phosphorylation is unaf-
fected by clamping of calcium transients (Megeath and
Fallon, 1998; but see Borges et al., 2002 and discussion).
Together, these studies suggest that agrin-induced cal-
cium transients may serve as a control point for postsyn-
aptic differentiation.

Loss of synapses is essential for the normal develop-
ment of the nervous system and is likely to be an integral
player in the activity-mediated shaping of synaptic circuitry
in learning and memory. However, the mechanisms under-
lying synaptic loss are poorly understood. About half of the
nerve–muscle synapses initially formed in the embryo are
eliminated in the first weeks after birth (Nguyen and Licht-
man, 1996). Synaptic pruning is a tightly regulated process
involving activity-dependent competition between neigh-
boring synapses on the same muscle cell. Interestingly,
the loss of synaptic constituents is asynchronous, with the
postsynaptic apparatus dispersing before obvious signs of
presynaptic withdrawal (Balice-Gordon and Lichtman,
1993; Culican et al., 1998). Proposed molecular mediators
of this dispersal include proteases (Harding et al., 1996;
Liu et al., 1994), calcium (Akaaboune et al., 1999), protein
kinase C (Lanuza et al., 2001), Rho-GTPases (Weston et
al., 2000), dystroglycan (Heathcote et al., 2000) and pro-
tein tyrosine phosphatases (PTPs; Dai and Peng, 1998). In
addition, AChR cluster formation is inhibited by trkB acti-
vation, suggesting a role for neurotrophin signaling in reg-
ulating synaptic architecture (Gonzalez et al., 1999; Wells
et al., 1999).

In the present study, we investigated the mechanisms
mediating the maintenance of agrin-induced postsynaptic
specializations. We find that agrin-dependent intracellular
calcium fluxes are necessary for AChR cluster stability on
cultured myotubes. Moreover, clamping intracellular cal-
cium after AChR clusters have formed causes rapid ty-
rosine dephosphorylation of both MuSK and AChRs. The
effects of clamping intracellular calcium fluxes are coun-
teracted by treatment with a tyrosine phosphatase inhibi-
tor. These findings indicate that the mechanisms mediating
the formation and the maintenance of agrin-induced AChR
clusters are distinct, and further suggest an avenue by
which postsynaptic stability can be regulated by signaling
pathways involving agrin, MuSK, and intracellular calcium
transients.

EXPERIMENTAL PROCEDURES

Myotube culture

Embryonic chick myotube cultures were prepared as previously
described (Nastuk et al., 1991). Briefly, myoblasts from embryonic
day 11 chick embryos were dissociated and plated in medium
containing minimal essential medium (� medium; Gibco, Gaith-
ersburg, MD, USA) supplemented with 2% chick embryo extract,
10% horse serum, 100 U/ml penicillin G, and 2 mM L-glutamine.
For ligand binding, immunoprecipitations, and AChR phosphory-
lation assays, cells were grown on plastic coated with 100 �g/ml
gelatin (Sigma, St. Louis, MO, USA). For AChR clustering assays
and calcium imaging, cells were grown on glass coverslips coated
with 20 �g/ml poly-D-lysine (Sigma; MW�300,000) and gelatin.
Myotubes were used 3–4 days after plating.

Drug treatment

Stock solutions of the acetoxymethylester of BAPTA (tetraace-
toxymethyl-1,2-bis(2-aminophenoxy)ethane-N,N,N�,N�-tetraac-
etate; BAPTA-AM; Molecular Probes, Eugene, OR, USA) were
prepared in dimethyl sulfoxide (DMSO; vehicle; see Megeath and
Fallon, 1998). BAPTA-AM or vehicle was diluted in serum free
medium (SFM) consisting of minimal essential medium (� me-
dium; Gibco), 2 mM L-glutamine (Gibco), 0.5% bovine serum
albumin (BSA), 100 U/ml penicillin G, 5 �g/L insulin, 5 �g/L
transferrin, and 5 �g/L selenium (all from Sigma). To load cells
with BAPTA, cells were incubated in 50 �M BAPTA-AM for 1 h at
37 °C (final DMSO concentration 0.5%), then rinsed with SFM.
Cells were loaded with 50 �M BAPTA-AM except where otherwise
noted.

Pervanadate was prepared as previously described (Wallace,
1995). One part 500 mM hydrogen peroxide (Mallinckrodt, Hazel-
wood, MO, USA) was added to 50 parts 10 mM Na orthovanadate
(Sigma) in modified Tyrodes solution (145 mM NaCl, 5 mM KCl,
5.5 mM glucose, 40 �M CaCl2, 1 mM MgCl2, and 10 mM HEPES
pH 7.4). The mixture was incubated for 10 min at room tempera-
ture and diluted in SFM for a final concentration of 100 �M
immediately before use.

Calcium imaging

To load cells with Fura-2, myotubes were incubated in 0.5 �M
Fura-2-AM (Molecular Probes) for 1 h at room temperature and
then rinsed in SFM. Acetylcholine (20 �M; Sigma) was applied to
myotubes for 6 s via a pressure ejection micropipette system
(General Valve; Parker Instruments, Fairfield, NJ, USA). Fluores-
cence measurements were made with a high speed dual wave-
length imaging system (IonOptix, Milton, MA, USA) with a custom
built image intensifier (Intevac, Santa Clara, CA, USA) and mod-
ified OEM CCD camera module (Philips Photonics, Slatersville,
RI, USA). Calibrations were performed in solutions using standard
techniques and adjusted to reflect the intracellular environment.
Using either cell-free or with permeabilized cell systems we have
found that this Fura-2 imaging system can readily detect calcium
concentrations below the normal resting level of 100 nM. Thus,
any reduction in resting calcium levels that may have been in-
duced by BAPTA treatment would have been observed in our
experiments.

To calculate resting calcium levels, fluorescence measure-
ments were made for 2 s prior to the addition of acetylcholine. Two
to five regions were randomly chosen on cells in a field and
measurements from each field were averaged. Means from four to
six fields were averaged.

AChR clustering assays

Recombinant rat agrin containing inserts of 12, four, and eight
amino acids at the x, y and z splice sites, respectively, was
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produced in COS cells as previously described (O’Toole et al.,
1996). Recombinant agrin was used at a concentration of 25 pM
in SFM.

Cells grown on coverslips were incubated with or without
agrin for 4 h at 37 °C. Immediately after this incubation, cultures
were rinsed twice in SFM and BAPTA treatment was then begun.
Cultures were rinsed twice in fresh media 1 h after the addition of
BAPTA-AM. In some experiments BAPTA treatment was pre-
ceded by 10–20 min in EGTA rinse to quantitatively remove any
bound exogenous agrin (Bowe et al., 1994). The rates of AChR
cluster dispersal did not change following this treatment, indicating
that residual agrin was not influencing cluster stability (data not
shown).

To detect AChRs, 1 �g/ml rhodamine conjugated �-bungaro-
toxin (�-BTx) was added to the media 1 h before each culture was
fixed. At different time points coverslips were fixed in methanol at
�20 °C for 5 min, mounted in Citifluor (Pella, Redding, CA, USA),
and viewed on a Nikon Eclipse microscope. For quantitation of
AChR clustering, 20–30 myotube segments (200 �m in length)
were randomly chosen from two to three coverslips. AChR clus-
ters (defined as AChR aggregates �4 �m in diameter) were
scored under rhodamine optics (Nastuk and Fallon, 1991) at
400�. The numbers of clusters in each condition were normalized
relative to the amount of clusters observed after cells were stim-
ulated with agrin for 4 h.

Ligand binding assays

Binding of �-BTx to myotubes was quantitated as previously de-
scribed (Bowe et al., 1994). Myotubes grown on gelatin-coated
removable 96 well strips (Immulon 4; Dynatech, Chantilly, VA,
USA) were blocked for 1 h in minimal essential media with HEPES
(MEM-H) with 1% BSA and 10% horse serum, and incubated for
30 min with 10 nM 125I-�-BTx (10–20 �Ci/�g; DuPont NEN,
Boston, MA, USA). Wells were washed in MEM-H, immersed
twice in Hanks’ balanced salt solution with 1% BSA and 1 mM
calcium, dried and counted. Nonspecific binding was determined
by including 1 mM EGTA (in agrin binding experiments) or 100-
fold excess competing unlabeled �-BTx. In each experiment, six
individual wells were counted for each condition and the results of
multiple experiments were pooled.

AChR extraction and isolation

AChRs from cultured myotubes were purified according to the
method of Wallace et al. (1991) with minor modifications. Biotin-
ylated �-BTx (Molecular Probes) was purified on an ImmunoPure
Immobilized Monomeric Avidin column (Pierce). Myotube cultures
were incubated for 4 h in agrin, loaded with BAPTA or vehicle in
the presence of 1 �g/ml biotinylated �-BTx, washed twice in cold
phosphate-buffered saline (PBS) and harvested in extraction
buffer (5 mM EDTA, 5 mM EGTA, 20 mM Tris, pH 7.5, 20 mM
glycine, 1% Triton X-100, 150 mM NaCl, 40 mM Na pyrophos-
phate, 50 mM NaF, 10 mM Na molybdate, 1 mM Na orthovana-
date, 5 mM benzamidine, 1 mg/ml bacitracin, 10 mM N-ethylmale-
mide, 1 mM phenylmethylsulfonyl fluoride [PMSF], and 50 �g/ml
each chymostatin, pepstatin, aprotinin, leupeptin, and antipain).
Cell lysates were briefly centrifuged and the cell pellet was resus-
pended in extraction buffer by trituration through a 23 gauge
needle. Samples were sonicated 20 s with a Branson 450 Sonifier
at maximum power, incubated 15 min at 4 °C, then spun for 20 min
at 3000�g. Solubilized AChR-biotinylated �-BTx complexes were
incubated with streptavidin-sepharose beads (Sigma) for 1.5–2 h
with constant mixing at 4 °C. Beads were washed four times in
extraction buffer containing 1 M NaCl, twice in extraction buffer
lacking NaCl and Triton X-100, and eluted in reducing sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
sample buffer at 60 °C for 10 min.

Isolated AChRs were electrophoresed on 5–15% gradient
SDS-polyacrylamide gels and transferred to nitrocellulose. The
blots were then blocked in PBS supplemented with 1% BSA.
Tyrosine phosphorylated polypeptides were detected with anti-
phosphotyrosine mAb 4G10 (diluted 1:1000; Upstate Biotechnol-
ogy Inc., Lake Placid, NY, USA). After incubation with primary
antibody, blots were washed in PBS, incubated for 2 h with
horseradish peroxidase-linked sheep anti-mouse IgG (Amersham
Pharmacia Biotech Inc., Piscataway, NJ, USA), and immunola-
beled bands were visualized with enhanced chemiluminescence.
Blots were prepared for successive Western blotting according to
the method of Sugiyama et al. (1997). The blots were liberally
rinsed in PBS, stripped with 0.2 M glycine, pH 2.5, and 0.1%
Tween 20, then reprobed with mAb 61 (generously provided by J.
Lindstrom, University of Pennsylvania) to detect AChR �-subunits.
Bound antibodies were visualized using alkaline phosphatase
conjugated goat anti-mouse IgG (Boehringer Mannheim, India-
napolis, IN, USA) and an alkaline phosphatase-based kit (Pro-
mega, Madison, WI, USA).

MuSK extraction and isolation

Myotube cultures were stimulated with agrin for 4 h, loaded with
BAPTA, EGTA, or vehicle, washed twice in cold PBS with 1 mM
Na orthovanadate and harvested in scrape buffer (50 mM Tris–
HCl pH 7.4, 0.15 M NaCl, 0.1 M NaF, 10 mM Na pyrophosphate,
2 mM EDTA, 2 mM EGTA, 1 mM Na orthovanadate, 1 mM
benzamidine, 0.1 mg/ml PMSF, 21 �g/ml aprotinin, and 1 �g/ml
each leupeptin and pepstatin A). Cell lysates were spun briefly,
resuspended by trituration through a 23 gauge needle in lysis
buffer (scrape buffer supplemented with 10% glycerol and 1%
Triton X-100), incubated for 20 min at 4 °C with gentle mixing and
spun for 22 min at 16,000�g. Either rabbit antisera pAb Cyt-MuSK
or pAb Ecto-MuSK (Hopf and Hoch, 1998a,b) was then added to
the supernatants. Except where otherwise noted, pAb Cyt-MuSK
was used throughout. Cell extracts were mixed with protein A
beads (RepliGen Corporation, Cambridge, MA, USA) for 1 h, the
beads washed with lysis buffer, and the immunoprecipitates
eluted in reducing SDS-PAGE sample buffer at 60 °C for 10 min.
Samples were probed with mAb 4G10 or anti-MuSK antibodies
(kindly provided by David Glass, Regeneron Pharmaceuticals,
Tarrytown, NY, USA) by Western blotting as described above with
modifications. Secondary antibodies, goat anti-mouse IgG conju-
gated to alkaline phosphatase (Boehringer Mannheim), were
preadsorbed by incubation with 10% normal rabbit serum (JR
Scientific) overnight with agitation, followed by centrifugation (30
min, 16,000�g). Immunolabeled bands were visualized using al-
kaline phosphatase or chemiluminescence.

RESULTS

Clamping intracellular calcium fluxes accelerates
AChR cluster dispersal

Both agrin binding to cells and agrin-induced AChR clus-
tering require extracellular calcium (Nastuk et al., 1991;
Wallace, 1988). Therefore, to selectively manipulate intra-
cellular calcium fluxes we used BAPTA, a rapid, high af-
finity calcium buffer (Kd approximately 100–180 nM; Deis-
seroth et al., 1996; Megeath and Fallon, 1998; Roberts,
1993; Stern, 1992). Myotubes were loaded with BAPTA via
its AM ester form (see Experimental Procedures). To di-
rectly assess the effects of BAPTA treatment we measured
intracellular calcium levels using Fura-2 ratiometric imag-
ing. As expected, resting intracellular calcium concentra-
tions in BAPTA-loaded cells were indistinguishable from
control (vehicle only) myotubes (105%	3.1 of control; un-
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paired t-test, P�0.05; N
4). To test the efficacy of BAPTA
treatment, we used acetylcholine pulses to evoke intracel-
lular calcium fluxes. Acetylcholine-induced intracellular
calcium fluxes were abolished in BAPTA-treated cells (Fig.
1). Thus, BAPTA clamps intracellular calcium concentra-
tions in cultured myotubes without disrupting resting levels
of this ion. We also used Fura imaging to test the stability
of BAPTA in myotubes. Complete inhibition was observed
up to 2 h post-loading. Robust inhibition was still observed
at least 4 h after loading, where nearly 80% of the calcium
response was blocked (78%	6.7%).

To test the role of intracellular calcium fluxes in the
maintenance of AChR clusters, myotubes were first stim-
ulated with agrin for 4 h to induce cluster formation. Agrin
was then washed out and the number of AChR clusters per
myotube was counted at successive time points. Clusters
dispersed gradually in control cultures (Fig. 2). Twenty
percent fewer clusters were observed after 1 h and half the
clusters (t1/2) dissipated in approximately 3 h. In contrast,
clamping intracellular calcium fluxes with BAPTA markedly
accelerated AChR cluster dispersal. The t1/2 was �1 h and
virtually all the clusters dispersed within 2 h of agrin wash-
out. Loading cells with increasing concentrations of
BAPTA-AM resulted in increasing rates of AChR cluster
dispersal (Fig. 2F). As in our previous studies (Megeath
and Fallon, 1998), no effects of BAPTA loading on cell
morphology or viability were observed at any of the tested
concentrations.

The rapid loss of AChR clusters following clamping of
intracellular calcium fluxes could be the result of either
AChR internalization or diffusion of AChRs away from the
cluster. To distinguish between these possibilities, we
used 125I-�-BTx binding to determine the levels of surface
AChRs in cells stimulated with agrin and then treated with
BAPTA or vehicle for 1 h. Surface AChR levels were not

significantly altered in BAPTA- or vehicle-treated cells
(93%	9 and 81%	12, respectively, where 100% is the
level of AChRs measured immediately after 4 h of agrin
treatment; P�0.05, two-way ANOVA; N
3). In addition,
neither BAPTA treatment nor vehicle altered surface AChR
levels in cells that had not been stimulated with agrin
(91%	13 and 91%	16, respectively; N
3). Thus, the
redistribution of surface AChR is the most likely explana-
tion for the accelerated dispersal of AChR clusters induced
by clamping intracellular calcium.

We next asked whether the accelerated AChR cluster
destabilization occurred in the face of persistent agrin stim-
ulation. In previous studies we showed that BAPTA treat-
ment did not alter the level of agrin binding to the cell
surface (Megeath and Fallon, 1998). Myotubes were stim-
ulated with agrin for 4 h and then the cells were treated
with BAPTA in the continued presence of agrin. AChR
clusters rapidly disperse under these conditions, with a t1/2

of approximately 1 h (Fig. 2G). These findings suggest that
the accelerated destabilization results from the modulation
of intracellular signaling pathways.

The role of intracellular calcium fluxes in MuSK and
AChR phosphorylation and dephosphorylation

Agrin-induced MuSK phosphorylation is an early and es-
sential step in the AChR clustering pathway. Since previ-
ous studies employed rodent myotubes, we developed an
assay for MuSK tyrosine phosphorylation in chick muscle
cells. We tested two antisera directed against the intracel-
lular and the extracellular domains of rat MuSK (pAb Ecto-
MuSK and pAb Cyt-MuSK, respectively; Hopf and Hoch,
1998a,b). Both antisera specifically immunoprecipitated a
tightly spaced, tyrosine phosphorylated doublet centered
at approximately 110 kD (Fig. 3). This mobility is similar to
that observed for mammalian MuSK (Fuhrer et al., 1997;
Glass et al., 1996; Jacobson et al., 1998). Although others
have reported a relative mobility of approximately 140 kD
for avian MuSK expressed in C2C12 cells (Glass et al.,
1996), we did not detect any candidate MuSK polypeptides
with this mobility. The differences between the reported
mobility of avian MuSK and our results could be due to the
gel systems used or to posttranslational modifications
unique to C2C12 cells. Nonetheless, two different anti-
MuSK antisera specifically immunoprecipitate an approxi-
mately 110 kD doublet that is tyrosine phosphorylated in
response to agrin stimulation. We therefore conclude that
this polypeptide doublet is avian MuSK.

In previous work we showed that blocking intracellular
calcium fluxes inhibits agrin-induced AChR cluster forma-
tion but not agrin-stimulated AChR tyrosine phosphoryla-
tion (see Megeath and Fallon, 1998; and Fig. 3B). Since
phosphorylation of MuSK precedes that of AChRs, this
observation suggested that agrin-induced MuSK phos-
phorylation might also be insensitive to blockade of cal-
cium transients. To test this prediction, cells were first
treated with either BAPTA or vehicle and then incubated
with agrin. As shown in Fig. 3B, agrin induced robust
phosphorylation of MuSK and AChR �-subunits in both
control and BAPTA-treated cells. In agreement with these

Fig. 1. Intracellular calcium fluxes are clamped in BAPTA-loaded
myotubes. Cultured myotubes were loaded with either BAPTA or
vehicle as described in Experimental Procedures. Intracellular calcium
concentrations were monitored by Fura-2 imaging. A 6 s pulse of
acetylcholine (ACh; bar) was applied using a pressure pipette. In
vehicle-treated cells (E), ACh caused a rapid, transient increase in
intracellular calcium. In contrast, ACh-induced intracellular calcium
fluxes are greatly diminished in BAPTA-loaded cells (}). Representa-
tive traces are presented. Similar results were obtained in seven other
experiments.
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findings, Borges et al. (2002) also observed normal levels
of agrin induced MuSK phosphorylation in BAPTA-treated
C2C12 cells. These data indicate that clamping intracellu-
lar calcium fluxes does not in itself inhibit agrin-induced
MuSK tyrosine kinase activity. Moreover, these results
place MuSK activation either upstream or parallel to the
intracellular calcium-dependent steps in the agrin signaling
pathway.

We next examined the relationship between AChR
cluster dispersal and MuSK tyrosine phosphorylation.
Myotubes were stimulated with agrin for 4 h. In one set of
experiments the agrin was washed out and the level of
MuSK phosphorylation was measured either immediately
or after 1 h additional incubation in BAPTA or vehicle.
MuSK phosphorylation declined 44%	9 in control cells but
decreased 73%	10 in BAPTA-loaded myotubes relative
to the level of agrin-induced phosphorylation at 4 h (aver-
age of four experiments; Fig. 3C). In other experiments
BAPTA was added at 4 h but the agrin was not washed
out. Remarkably, MuSK was also dephosphorylated (av-
erage decrease of 44%	8 in two experiments) in the
BAPTA-loaded cells, despite the continued presence of
agrin (Fig. 3D). Notably, the degree of MuSK dephosphor-
ylation under both conditions correlated closely with the
extent of AChR cluster dispersal (compare Fig. 2E to 3C
and Fig. 2G to 3D). Thus, clamping intracellular calcium
fluxes following the formation of AChR clusters results in
rapid MuSK dephosphorylation.

A later step in the agrin signaling pathway is the ty-
rosine phosphorylation of AChR �-subunits. In previous
work we showed that the initial agrin-induced tyrosine
phosphorylation of AChR was unaffected by BAPTA treat-
ment (Megeath and Fallon, 1998). To test whether intra-
cellular calcium transients play a role in maintaining AChR
tyrosine phosphorylation, myotubes were treated with
agrin for 4 h and then loaded with BAPTA or vehicle as
described above. In vehicle-treated cells the level of AChR
�-subunit tyrosine phosphorylation was only slightly dimin-
ished 1 h after agrin withdrawal (Fig. 4; compare lanes 1
and 4). In contrast, after 1 h of BAPTA treatment phospho-
tyrosine was undetectable on the AChR �-subunit (Fig. 4,
lane 5). Similar results were observed when agrin was

Fig. 2. Blocking intracellular calcium fluxes accelerates AChR cluster
dispersal. (A–D) Cultured myotubes were stimulated with agrin as
indicated. In (A) and (B) the cells were fixed immediately after the 4 h
incubation. In (C) and (D) the agrin was washed out after 4 h and the
cells incubated for an additional 1 h in the presence of BAPTA or
vehicle alone. AChRs were labeled with rhodamine �-BTx and their
distribution determined by fluorescence microscopy as described in
Experimental Procedures. Note the reduction in the number of AChR

Blocking intracellular calcium fluxes accelerates AChR cluster clusters
in the BAPTA-treated cells. Scale bar
20 �m. (E) Time course of
dispersal. Myotubes were incubated with agrin for 4 h to induce AChR
clustering. The agrin was then washed out and the cultures treated as
indicated. AChR clusters were then counted as described in Experi-
mental Procedures. In control cells AChR clusters gradually disperse
following agrin withdrawal (t1/2 approximately 3 h). Clamping intracel-
lular calcium concentrations with BAPTA accelerates the rate of clus-
ter dispersal (t1/2�1 h). Values are mean	S.E.M. averaged from three
separate experiments. (F) Dispersal of AChR clusters in cells loaded
with varying concentrations of BAPTA-AM. After a 4 h agrin incubation,
the agrin was removed and cells were treated with the indicated
concentrations of BAPTA-AM. The most rapid dispersal is observed in
cells loaded with 50 �M BAPTA-AM, the concentration used for all
other experiments. Mean	S.E.M. (G) Agrin treatment does not pre-
vent the destabilization of AChR clusters induced by BAPTA treat-
ment. After 4 h of agrin incubation, BAPTA-AM is added to the agrin-
containing media, causing rapid dispersal of AChR clusters.
Mean	S.E.M.
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present throughout the experiment (data not shown). Thus,
clamping intracellular calcium fluxes after agrin stimulation
results in the dephosphorylation of AChR �-subunits.

Tyrosine phosphatase inhibitor treatment retains
MuSK phosphorylation and AChR clusters

The results reported above show that the consequences of
clamping intracellular calcium fluxes correlate with the
state of AChR clustering. If AChRs (and presumably
MuSK) are not clustered, clamping calcium fluxes does not
perturb agrin-induced tyrosine phosphorylation of MuSK or
AChR. On the other hand, both MuSK and AChR are
rapidly dephosphorylated if calcium transients are clamped
after AChR clusters have formed. These observations sug-
gest that there may be a link between agrin-induced intra-
cellular calcium transients and a tyrosine kinase or
phosphatase.

To probe further for such a link we used the protein
tyrosine phosphatase inhibitor pervanadate. Treatment
with pervanadate alone did not alter the rate of AChR
cluster dispersal (Fig. 5a; see also Wallace, 1988). How-
ever, pervanadate treatment blunted the BAPTA-acceler-
ated dispersal of AChR clusters. Next, we assayed MuSK
phosphorylation in BAPTA or vehicle-loaded cells. We ob-
served that pervanadate inhibited MuSK dephosphoryla-
tion in BAPTA-treated cells (Fig. 5B). This effect was ro-
bust and reproducible. Quantification of five separate ex-
periments showed that over 70% of agrin-induced MuSK
phosphorylation was sustained in cells treated with both
pervanadate and BAPTA. These results indicate that
MuSK phosphorylation is regulated by the activity of a
tyrosine phosphatase as well as by intracellular calcium
fluxes.

Fig. 3. MuSK is rapidly dephosphorylated when calcium fluxes are
clamped after agrin stimulation. Primary chick myotubes were stimu-
lated with agrin and then treated with BAPTA and vehicle as indicated.
The cell extracts were then immunoprecipitated and probed with anti-
phosphotyrosine antibody mAb 4G10. (A) Identification of avian
MuSK. Two different antisera to rodent MuSK (pAb Ecto-MuSK and
pAb Cyt-MuSK, directed against the extracellular (ecto) and intracel-
lular (cyto) domains of MuSK, respectively) specifically immunopre-
cipitate a tyrosine phosphorylated polypeptide doublet of approxi-
mately 110 kD (arrow) from cultured chick myotubes. This doublet was
not immunoprecipitated by normal rabbit serum (NS). Agrin (25 pM
agrin for 15 min) increased the tyrosine phosphorylation of the doublet.
The band at approximately 90 kD is non-specific. No specific signal
was detected in the absence of mAb 4G10 (no primary). (B) Initial
agrin-induced MuSK and AChR phosphorylation are insensitive to
BAPTA treatment. Myotubes were loaded with either BAPTA or vehi-
cle for 1 h, then stimulated with agrin for 4 h. Agrin induced comparable
levels of MuSK phosphorylation in both BAPTA- and vehicle-treated
cells. Similar results were observed with phosphorylation of the AChR
�-subunit (see also Megeath and Fallon, 1998). (C) MuSK dephos-
phorylation is accelerated when intracellular fluxes are clamped after
agrin-induced AChR clusters have formed. Myotubes were incubated
in the presence or absence of agrin for 4 h. Cells were either assayed
immediately (lane 1), or washed and treated for 1 h with vehicle (lanes
2, 3) or BAPTA (lane 4). MuSK phosphorylation declined 44%	9 in
control cells but 73%	10 in BAPTA-loaded myotubes. Similar results
were observed in three other experiments. (D) MuSK dephosphoryla-
tion following BAPTA treatment in the continued presence of agrin.
Myotubes were incubated in the presence or absence of agrin for 5 h,
with BAPTA treatment during the last hour as indicated. MuSK phos-
phorylation decreased 44%	8 (relative to agrin-only controls at 5 h;
average of two experiments) in BAPTA-treated cells.

Fig. 4. AChRs are rapidly dephosphorylated when calcium fluxes are
clamped after agrin-induced AChR clusters have formed. Myotubes
were treated with or without agrin for 4 h. The cultures were then
washed and the levels of AChR �-subunit tyrosine phosphorylation
was then assessed immediately (lane 1) or following a 1 h treatment
with BAPTA or vehicle as indicated (lanes 2–5). In vehicle-treated
cells, agrin-induced AChR �-subunit tyrosine phosphorylation re-
mained elevated 1 h hour after agrin withdrawal (compare lanes 1 and
4). In contrast, tyrosine phosphorylation of AChR �-subunit was un-
detectable following 1 h of BAPTA treatment (lane 5). The basal level
of AChR tyrosine phosphorylation was unchanged by BAPTA treat-
ment alone (compare lanes 2 and 3). AChR �-subunit tyrosine phos-
phorylation was assessed as described in Experimental Procedures.
Equivalent loading of samples was verified by stripping the blots and
reprobing with antibodies specific for the AChR �-subunit (bottom
panel).
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DISCUSSION

The central finding of this work is that AChR cluster main-
tenance is an active process mediated by agrin-induced
intracellular calcium fluxes. Our results also indicate that
distinct molecular mechanisms underlie the formation and
the dispersal of agrin-induced AChR clusters. Moreover,
these observations demonstrate that the modulation of
intracellular signaling pathways can regulate the mainte-
nance and dispersal of AChR clusters independently of
MuSK activation by agrin. These findings suggest mecha-
nisms that could mediate synapse formation and elimina-
tion in vivo.

A key technique in these experiments was the use of
BAPTA to clamp intracellular calcium concentrations. This
reagent was designed to be a specific and rapid calcium
chelator (Tsien, 1980) and experiments in a wide array of
cell systems have confirmed these characteristics (Deis-
seroth et al., 1996; Roberts, 1993; Whitlock and Lamb,
1999). Several lines of evidence indicate that this com-
pound specifically blocks rapid intracellular calcium fluxes
in myotubes and is not toxic to these cells. 1) Fura-2
imaging confirmed BAPTA’s calcium buffering activity in
chick myotubes (Fig. 1). 2) BAPTA treatment did not
change the resting concentration of intracellular calcium.
3) The effects of BAPTA treatment are reversible (Megeath
and Fallon, 1998). 4) The action of BAPTA is selective:
while this compound suppressed agrin-induced AChR
cluster formation, it did not inhibit the agrin-induced ty-
rosine phosphorylation of MuSK or the AChR �-subunit
(Fig. 3 and Megeath et al., 1998). 5) None of the effects
reported here were observed when EGTA, a calcium buff-
ering compound with slower binding kinetics, was loaded
into the myotubes (unpublished observations).

The dephosphorylation of clustered MuSK and AChR
following calcium buffering could be due to either inhibition
of kinase activity or to increased PTP activity. Several lines
of evidence suggest a role for a PTP. First, BAPTA treat-
ment of naive myotubes has no effect on agrin-induced
MuSK or AChR tyrosine phosphorylation. Thus clamping
intracellular calcium does not affect directly the tyrosine
kinase activity of either MuSK or the enzyme that phos-
phorylates AChRs (which is likely to be distinct from MuSK;
Fuhrer et al., 1997; Mittaud et al., 2001; Mohamed et al.,
2001; Smith et al., 2001). Second, the rapid dephosphor-
ylation of clustered MuSK and AChR in BAPTA-treated
cells is observed even in the continued presence of agrin
(Figs. 3 and 4). Moreover, previous work has shown that
agrin binding to the cell surface is not altered by BAPTA
treatment (Megeath and Fallon, 1998). Finally, the PTP
inhibitor pervanadate inhibits both the MuSK dephosphor-
ylation and the AChR dispersal observed when calcium
transients are clamped.

An alternative model is that tyrosine kinase(s) may be
stimulated by agrin to phosphorylate MuSK via a mechanism
that is dependent upon intracellular calcium transients. Al-
though the tyrosine phosphatase inhibitor pervanadate coun-
teracts the effects of BAPTA treatment, these results by
themselves do not conclusively establish PTP involvement in
this pathway. In some cases pervanadate has been shown to
inhibit, by indirect means, tyrosine kinase activity (Park et al.,
2001). However, this alternative model must account for our
observations that: 1) the level of MuSK phosphorylation de-
creases only when cells are treated with BAPTA after AChR
clusters have formed; and 2) this dephosphorylation occurs
even in the continued presence of agrin. Thus, this second
model would require not only the presence of a calcium-
dependent tyrosine kinase at AChR clusters, but also the
selective inhibition of agrin-induced MuSK tyrosine kinase
activity after cluster formation. Since there is no evidence for
such inhibition, we favor the simpler model involving in-
creases in PTP activity.

Fig. 5. MuSK is a substrate of a calcium-regulated PTP that regulates
AChR dispersal. (A) A PTP inhibitor occludes BAPTA-induced AChR
dispersal. Myotubes were stimulated with agrin for 4 h. The agrin was
then washed out and the cells were treated with vehicle (control),
pervanadate (100 �M), BAPTA, or pervanadate and BAPTA. Pervana-
date alone did not alter the number of AChR clusters remaining 1 h
post-agrin. However, pervanadate partially inhibited the dispersal of
AChR clusters induced by BAPTA treatment. Values are
mean	S.E.M. averaged from three separate experiments. (B) MuSK
is a substrate of a calcium-regulated PTP. Pervanadate treatment
rescues BAPTA-induced MuSK dephosphorylation. Myotubes were
incubated with agrin or control media for 4 h and then treated for 1 h
with BAPTA, pervanadate, and/or vehicle as indicated. Cell extracts
were then immunoprecipitated with anti-MuSK and Western blotting
was performed with anti-phosphotyrosine mAb 4G10. Pervanadate
treatment had no effect on MuSK phosphorylation (lane 1 and com-
pare lanes 2 and 5) while agrin induced robust MuSK phosphorylation
(lane 2). The agrin-induced MuSK phosphorylation was reduced to
baseline levels when cells were treated with BAPTA alone (lane 3). In
contrast, MuSK phosphorylation remained high when cells were
treated with a combination of pervanadate and BAPTA (compare lanes
2 and 4). (C) Quantification of MuSK phosphotyrosine levels from five
separate experiments. Values were normalized to the agrin only con-
dition, then averaged. Mean	S.E.M.
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Dai and Peng (1998) also reported evidence for PTP
activity in the dispersal pathway. In those experiments per-
vanadate was shown to inhibit AChR cluster dispersal, while
injection of a constitutively active PTP drove their dispersal.
They proposed a model that includes a ubiquitous PTP that
serves as a sink for signals derived from localized tyrosine
kinases. We observe that pervanadate alone did not alter the
rate of AChR cluster dispersal (see also Wallace, 1995). At
this point we do not know the basis for these differences. One
explanation could be the different methods of AChR cluster
induction in the two studies (HB-GAM-coated beads vs.
agrin). In our view the data presented here best fit a model
where both tyrosine kinases and phosphatases are localized
to agrin-induced AChR clusters. Resolution of these ques-
tions will require the identification and localization of the spe-
cific PTP(s) involved in this process.

Pervanadate treatment only partially reversed BAPTA-
induced AChR cluster dispersal and MuSK phosphoryla-
tion (Fig. 5). Although we suspect that this partial effect
reflects incomplete phosphatase inhibition, it remains pos-
sible that additional (non-PTP) dispersal mechanisms
could also be at work. Activity of the tyrosine phosphatases
might not be totally blocked by pervanadate concentrations
used (100 �M); however, we were not able to increase this
dose since toxic effects were observed at higher concen-
trations. Moreover, we note that none of the available
anti-MuSK antisera recognize chick MuSK on Western
blots. Thus direct quantification of MuSK levels in the
immunoprecipitates was not possible. Nonetheless it
should be emphasized that the ability of pervanadate to
inhibit MuSK dephosphorylation in BAPTA-treated cells
(post agrin) was observed in five separate experiments
and was statistically significant (Fig. 5C).

One implication of the phosphatase model is that elim-
ination of AChR clusters may not occur via reversing the
formation pathway. Rather, the events regulating AChR
cluster formation appear to be distinct from the mechanism
of maintenance and dispersal. Cluster formation relies
upon increased kinase activity whereas cluster dissipation
may require PTP activation. It is interesting to consider
how synaptic architecture might be sculpted by balanced
regulation of these kinases and PTPs. In addition, muscle
activity results in influx of calcium through both the AChR
and voltage-gated channels. Indeed, blockade of AChR
activation results in rapid dispersal of AChRs in adult mus-
cle (Akaaboune et al., 1999).

Important directions for future work are the identification
of PTPs and kinases regulated by both calcium and agrin,
and characterization of the intracellular calcium fluxes. Our
attempts to visualize agrin-induced intracellular calcium tran-
sients with Fura-2 imaging have been unsuccessful, possibly
because such calcium fluxes are highly localized or beyond
the resolution of our methods (Megeath and Fallon, 1998).
Candidate PTPs include the synapse-enriched non-receptor
PTP from Torpedo electric organ that shows high specificity
for AChR �-subunits (Mei and Huganir, 1991) and PTPs
activated by binding phosphotyrosine residues on receptor
tyrosine kinases, such as SHP-2 (Stein-Gerlach et al., 1998).
Furthermore, it will be of interest to examine which tyrosine

residues of MuSK will be important for cluster dissolution
(Herbst and Burden, 2000).

Finally, there could be a mechanistic connection be-
tween the dispersal of AChR clusters observed in vitro and
the selective postnatal synaptic elimination observed dur-
ing development of mammalian muscle (Nguyen and Licht-
man, 1996; Sanes and Lichtman, 1999). Studies of syn-
apse elimination in vivo have revealed that the dispersal of
AChR clusters occurs prior to withdrawal of presynaptic
boutons (Balice-Gordon and Lichtman, 1993; Rich and
Lichtman, 1989) and that synaptic maintenance is activity-
dependent (Nguyen and Lichtman, 1996). We suggest that
synapse disassembly may require tyrosine kinases and
phosphatases situated at every NMJ. Such localized ef-
fectors could be regulated by synaptic activity, extracellular
factors like agrin and by intracellular signals. In our studies
the protective effect of agrin could be overridden by
BAPTA treatment, and similarly an activity-driven signal
from one synapse may destabilize a neighboring synapse
in vivo.
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