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The receptor tyrosine kinase, MuSK, is required for the formation of the neuromuscular junction (NMJ) where MuSK
becomes phosphorylated when exposed to neuronally synthesized isoforms of agrin. To understand better the mechanisms
by which MuSK mediates the formation of the NMJ, we have examined how MuSK expression is regulated during
development in the embryo, by neuromuscular injury in the adult and by agrin in vitro. Here we show that MuSK is
associated with the earliest observable AChR clusters at the developing motor endplate and that MuSK and AChRs
codistribute throughout the development of the NMJ. These two proteins are also coordinately regulated on the surfaces of
cultured myotubes where MuSK and AChRs colocalize both in spontaneous and agrin-induced clusters. While MuSK is
normally restricted to the motor endplate in adult muscle, denervation results in its extrajunctional expression, although
a discernible concentration of MuSK remains localized to the motor endplate even 14 days after denervation. Extrajunc-
tional MuSK is first apparent 3 days after denervation and is sharply reduced upon reinnervation. Muscle paralysis also
markedly alters the expression of MuSK in adult muscle and results in increased expression of MuSK as well as increased
transcription of MuSK mRNA by extrasynaptic myonuclei. Together, these findings demonstrate that MuSK expression is
highly regulated by innervation, muscle activity, and agrin, while the distribution of MuSK is precisely coordinated with
that of the AChR. © 1998 Academic Press

INTRODUCTION

During embryonic development, motor axons induce the
formation of the motor endplate, a small specialized region
of the myotube membrane that is highly enriched in ace-
tylcholine receptors (AChRs) relative to the surrounding
sarcolemma (Hall and Sanes, 1993). Yet the AChR is simply
one of a growing list of molecules concentrated at the motor
endplate or in the extracellular matrix of the neuromuscu-
lar junction (NMJ) (Hall and Sanes, 1993). One such mole-

cule is the protein agrin, which the motor axon deposits
into the extracellular matrix between the growing neurite
and the adjacent myofiber (Magill-Solc and McMahan,
1990; Reist et al., 1992).

Agrin was originally isolated by McMahan and colleagues
on the basis of its ability to cause AChR clusters to form on
cultured myotubes (Nitkin et al., 1987) and it has subse-
quently been shown to cause numerous other components of
the NMJ to codistribute with these AChR-rich patches (Sha-
diack and Nitkin, 1991; Wallace, 1989). Agrin’s AChR-
clustering activity is dependent on tyrosine phosphorylation.
Thus, treating myotubes with blockers of tyrosine phosphor-
ylation inhibits AChR cluster formation by agrin (Ferns et al.,
1996; Wallace, 1992). In addition, antibodies specific for phos-
photyrosine stain developing neonatal motor endplates (Nit-
kin et al., 1987; Qu et al., 1990) and agrin-induced AChR
clusters on cultured myotubes (Wallace, 1992). Finally, phos-
phorylation of the b subunit of the AChR precedes AChR
clustering in agrin-treated myotubes and this phosphorylation
is blocked by treatments that inhibit agrin-induced AChR
clustering (Ferns et al., 1996; Wallace et al., 1991).
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The evidence implicating tyrosine phosphorylation in
agrin-induced AChR clustering led many to look for recep-
tor tyrosine kinases that might mediate the response of the
myofiber to agrin. One such kinase was recently cloned and
shown to be expressed specifically in skeletal muscle
(Valenzuela et al., 1995). This protein, termed MuSK, is
concentrated at the motor endplate in adult muscle and its
mRNA is preferentially transcribed by subsynaptic nuclei
(Valenzuela et al., 1995). MuSK is phosphorylated specifi-
cally by splice variants of agrin that are active in AChR
clustering and radioiodinated agrin can be crosslinked to
MuSK on cultured myotubes (Glass et al., 1996). In vivo,
mice null for MuSK fail to develop normal NMJs and
myotubes cultured from these mice fail to form AChR
clusters when treated with agrin (DeChiara et al., 1996).
Taken together, these findings suggest that agrin acts via a
MuSK receptor complex to induce the formation of the
NMJ in vivo.

To understand further the mechanism by which MuSK
mediates the formation of the NMJ, we have examined how
the spatial distribution of MuSK is regulated during devel-
opment in the embryo, by agrin in vitro, and at functionally
compromised NMJs in the adult. Similar studies focusing
on other components of the NMJ (Hall and Sanes, 1993)
have led to much insight into the likely roles these mol-
ecules play in neuromuscular synaptogenesis.

METHODS

Materials. Polyclonal antibody 41101K, against a C-terminal
peptide of rat MuSK was produced as described in Glass et al.,
(1996). Monoclonal antibody 75-6 was produced as described be-
low. FITC-conjugated and biotin-conjugated goat anti-rabbit IgG as
well as FITC-conjugated avidin were purchased from Vector Labs
(Burlingame, CA). FITC-conjugated goat anti-mouse IgG and
tetramethylrhodamine-conjugated a-bungarotoxin (rho-btx) were
purchased from Boehringer-Mannheim (Indianapolis, IN) and Mo-
lecular Probes (Eugene, OR), respectively. 4G10, a monoclonal
antibody against phosphotyrosine, was purchased from Upstate
Biotechnology (Lake Placid, NY). Chemicals for autoradiography
were purchased from Kodak, Inc. (Rochester, NY). Rats were
obtained from Zivic-Miller Laboratories (Zelienople, PA) and timed
pregnant mice from the Regeneron mouse facility. To generate
recombinant agrin, we cloned a cDNA construct encoding a
50-kDa C-terminal fragment of full-length human agrin into the
pMT21 expression vector. The encoded protein contained a 4-aa
insert at the ‘‘y’’ alternative splice site and an 8-aa insert at the ‘‘z’’
splice site. This human protein thus corresponds to the rat agrin
splice variant designated as agrin4,8 (Ferns et al., 1992). Protein was
produced by transiently transfecting COS cells with the above
cDNA and collecting conditioned medium.

Production of mAB 75-6. Mice were immunized with a fusion
protein consisting of the extracellular domain of rat MuSK fused to
the Fc region of the human IgG1 heavy chain. Hybridomas were
then produced by standard techniques (Harlow and Lane, 1988) and
their supernatants were screened for anti-MuSK antibodies by
immunoprecipitation. In these experiments, immunoprecipitation
of extracts from cells transfected with MuSK followed by immu-
noblot with a second anti-MuSK antibody revealed a single band

with the molecular weight predicted for authentic MuSK. As a
second control for specificity, fibroblasts were transfected with a
construct encoding a chimeric protein consisting of the extracel-
lular domain of MuSK fused to the transmembrane and intracellu-
lar domains of trkB. Treating these transfected cells with antibody
75-6 resulted in the tyrosine phosphorylation of the trkB domain of
the chimera, indicating that 75-6 had bound to the extracellular
(MuSK) domain of the chimeric protein.

Animals and surgical procedures. Adult male Sprague–
Dawley rats (250–400 g) were anaesthetized by i.p. injection of 50
mg/kg ketamine and 10 mg/kg xylazine. For denervations, we
transected the sciatic nerve and removed a 2 to 3mm segment to
prevent reinnervation. To abolish nerve-evoked contraction of the
EDL, we injected 0.7 ml of a 4 mg/ml tetrodotoxin (TTX) solution
into the sciatic nerve and then repeated this procedure 3 days later.
Paralysis was maintained for 6–7 days by this treatment. To
denervate the EDL transiently and allow for reinnervation, the
sciatic nerve was crushed at the level of the tendon of the obturator
internus muscle. After allowing 24 days for reinnervation, animals
were sacrificed and muscle tissue was removed. All animal use was
carried out in compliance with approved institutional protocols
and according to NIH guidelines on the care and use of animals
(NIH Publication 86-23, 1985).

Tissue section immunocytochemistry. Muscle tissues were
dissected, frozen in isopentane cooled by liquid nitrogen, then cut
in 10-mm sections on a cryostat, and collected on glass slides. These
were then incubated for 1 h with 10% bovine calf serum (BCS) in
PBS. Sections were then incubated in PBS 1 5% BCS containing
antibody 41101K diluted 1:2000. Incubation with either no primary
antibody or with irrelevant rabbit polyclonal antibodies against
either trkB (Santa Cruz Biotechnology, Santa Cruz, CA) or Sub-
stance P (Peninsula Laboratories, Belmont, CA) served as controls.
For immunofluorescence, sections were then incubated in PBS 1
5% BCS containing a FITC-conjugated goat anti-rabbit IgG and
rho-btx at 20 mg/ml. Slides were then mounted in glycerol contain-
ing 0.1% phenylenediamine (PPD), sealed, and viewed under fluo-
rescence optics on a Zeiss Axiophot microscope.

For autoradiography, the initial incubation in 41101K was fol-
lowed by incubation in PBS 1 5% BCS containing a 125I-labeled
donkey anti-rabbit antibody (Amersham, Inc., Arlington Heights,
IL). Slides were then dipped in Kodak NTB2 autoradiography
emulsion and exposed for 2–7 days at 220°C and then developed
using Kodak D-19 developer by standard procedures. Finally, slides
were dehydrated by immersion in a graded alcohol series followed
by xylenes, then mounted in Permount, and viewed under bright-
or dark-field illumination. In both procedures, extensive washing of
the sections with PBS followed each antibody incubation.

Image analysis. Indirect immunofluorescence for MuSK was
performed using 41101K as described above on cryostat sections
from either intact or 14-day denervated EDL. Digitized images of
these sections were acquired using a Nikon Eclipse E-800 linked to
a Sony Cateye CCD camera and then analyzed using the NIH
Image v. 1.60/ppc software program. Pixel intensity profiles were
obtained from myotube segments containing a motor endplate, as
defined by rho-btx staining. The mean pixel intensity from a bin
drawn to encompass the motor endplate was then measured. The
bin was then moved two bin lengths along the myotube and the
pixel intensity of this segment was measured.

In situ hybridization. A DNA fragment corresponding to the
kinase domain of rat MuSK (aa 710–868) was cloned into the
Bluescript (KS1) plasmid (Stratagene, Inc., La Jolla, CA). 35S-
radiolabeled antisense or sense RNA probes were then generated

310 Bowen et al.

Copyright © 1998 by Academic Press. All rights of reproduction in any form reserved.



from linearized plasmid and used for in situ hybridization as
previously described (Valenzuela et al., 1995).

Whole mount immunofluorescence. To visualize MuSK during
the development of the NMJ in mouse diaphragm, we used a
modification of the technique described by Simon et al. (1992).
Briefly, the diaphragm and attached ribs were dissected from
embryonic, neonatal, or adult C57/BL6 mice. The tissue was then
pinned to a Sylgard-coated dish and incubated sequentially in 1%
paraformaldehyde for 1–2 h at 4°C, 10 mM NaH2PO4 with 150 mM
NH4Cl, and 0.5% Triton X-100 in PBS. The tissue was then
incubated overnight at 4°C in 2% BSA, 0.5% Triton X-100 in PBS
containing polyclonal antibody 41101K at 1:2000. Next, the tissue
was incubated in the same buffer containing a FITC-conjugated
goat anti-rabbit IgG and 0.5 mg/ml rho-btx and then in cold
methanol. Finally, the diaphragm was dissected free of the attached
ribs and mounted on a glass slide in glycerol PPD, sealed, and
viewed under fluorescence optics. Washing with either PBS or PBS
containing 0.5% Triton X-100 followed each incubation.

Cell cultures. Myoblasts were prepared from hind limb
muscles of postnatal day 0 rat pups. After dissection, the tissue was
treated sequentially with 2.5% collagenase and 2.5% trypsin and
then passed through a nylon filter. The resultant cell suspension
was layered onto a 20–60% Percoll gradient and spun at 11,000
rpm for 5 min. Myoblasts were then resuspended in medium
containing 25% fetal calf serum, 10% horse serum, 2 mM
L-glutamine, and gentamycin in DMEM. Cells were then plated
onto glass chamber slides coated with polylysine and fibronectin.
After 3–4 days, the medium was changed to DMEM containing 2%
horse serum, 10% fetal calf serum, and L-glutamine/gentamycin as
above. Myoblasts from the C2C12 myocyte cell line were cultured
and caused to differentiate into myotubes according to published
protocols (Yaffe and Saxel, 1977).

Agrin-mediated AChR clustering. Primary myotubes were
treated overnight with human agrin then incubated in 20 mg/ml
rho-btx for 1 h at 37°C. The slides were then incubated sequentially
at room temperature in 4% paraformaldehyde (10 min); in PBS 1
10% BCS, in PBS 1 5% BCS containing mAb 75-6 at 1:50, in PBS 1
5% BCS containing a biotinylated goat anti-rabbit IgG, and in
PBS 1 5% BCS containing FITC-conjugated avidin. Slides were
then mounted in glycerol PPD and viewed under fluorescent optics.
Incubations with either no primary antibody or with an irrelevant
mouse mAb against the EGFR (Santa Cruz Biotechnology, Santa
Cruz, CA) served as controls. To quantify the coincidence between
patches of MuSK immunofluorescence and AChR clusters, myo-
tube cultures were viewed under fluorescein optics. When MuSK
patches were identified, the optics were changed for rhodamine
viewing and the presence or absence of a coincident AChR cluster
was recorded.

Immunoprecipitations and immunoblots. Cultured C2C12 mouse
myotubes were extracted in cold lysis buffer (PBS containing 1 mM
EDTA, 10 mg/ml aprotinin, 1 mM PMSF, 1 mM sodium orthovana-
date, and 0.1% NP-40). Muscle tissue was homogenized by Poly-
tron in 50 mM NaCl, 20 mM Tris, pH 7.6, 1 mM PMSF, 5 mM
benzamidine, 10 mg/ml leupeptin, 10 mg/ml aprotinin, 1 mM
EDTA, 50 mM sodium fluoride, and 1 mM sodium orthovanadate.
The homogenate was then clarified by centrifugation and the
resulting supernatant was centrifuged at 100,000g for 1 h. The
crude membrane pellet was next solubilized in RIPA buffer (150
mM NaCl and 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS 1
mM PMSF, 5 mM benzamidine, 10 mg/ml leupeptin, 10 mg/ml
aprotinin, 1 mM EDTA, 50 mM sodium fluoride, and 1 mM sodium
orthovanadate). Extracts were immunoprecipitated, electropho-

resed, transferred to PVDF membranes, and immunoblotted by
standard methods (Harlow and Lane, 1988) using peroxidase-
conjugated secondary antibodies (Promega, Madison, WI) and
chemiluminescence to visualize the labeled bands.

RESULTS

Antibodies to MuSK Specifically Recognize MuSK
and Label the Motor Endplate

We had previously described a rabbit polyclonal antibody,
designated 41101K, raised against a synthetic C-terminal
peptide of rat MuSK (Valenzuela et al., 1995). We have now
generated mAb 75-6, a mouse monoclonal antibody against
the extracellular domain of rat MuSK. In order to assess the
specificity of these two antibodies, we assayed the ability of
each to immunoprecipitate MuSK from mouse myotube
extracts. To visualize the proteins immunoprecipitated by
each antibody, we immunoblotted the resulting immuno-
precipitates with mAb 4G10, which recognizes phosphoty-
rosine. Due to the abundance of tyrosine phosphorylation
in both agrin-treated and untreated myotubes, 4G10 is
capable of recognizing a multiplicity of cellular proteins. As
shown in Fig. 1 (right lanes), when mAb 4G10 was used to
immunoprecipitate myotube extracts, the number of pro-

FIG. 1. Antibodies to MuSK immunoprecipitate MuSK from
myotube extracts. Cultured mouse myotubes were stimulated or
not with human agrin and then subjected to immunoprecipitation
with (left two lanes) anti-MuSK mAb 75-6, (middle two lanes)
anti-MuSK polyclonal antibody 41101K, or (right two lanes) anti-
phosphotyrosine antibody 4G10. Immunoprecipitates were then
electrophoresed and immunoblotted with antibody 4G10. Labeled
bands were visualized by incubation with a peroxidase-coupled
secondary antibody followed by chemiluminescence and exposure
to film.
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tein bands labeled by the subsequent 4G10 immunoblot
was so great that the lanes were virtually black. This
finding reveals that the phosphotyrosine epitope can be
recognized by immunoblot on a wide variety of proteins
when such proteins are present in an immunoprecipitated
extract. In contrast, using either of the two anti-MuSK
antibodies produced an immunoprecipitate from extracts of
agrin-stimulated myotubes in which only a single major
band was recognized by subsequent 4G10 immunoblot (Fig.
1, middle and left lanes). While several comparatively faint
bands were immunoprecipitated by 75-6 and 41101K, both
antibodies precipitated a major tyrosine phosphorylated
band migrating at approximately 100 kDa which corre-
sponds to the electrophoretic mobility predicted for authen-
tic MuSK. Significantly, the mobility of the immunopre-
cipitated band was identical when either 75-6 or 41101K
was used, indicating that the epitopes recognized by the
two antibodies likely reside on the same protein. In addi-
tion, the phosphorylation state of this band was markedly
increased by agrin as is characteristic of MuSK. From these
results, we were confident that each of our anti-MuSK
antibodies specifically recognized authentic MuSK and we
proceeded to use these reagents to investigate the regula-
tion of MuSK expression at the developing or functionally
compromised neuromuscular junction.

When we used these antibodies in indirect immunofluo-
rescence on intact adult neuromuscular junctions, we ob-
served that, as has been seen previously, 41101K gave a
strong signal that colocalizes with AChRs at the motor
endplate ((Valenzuela et al., 1995) and Fig. 2a). This signal
was absent when muscle sections were incubated in paral-
lel with an irrelevant rabbit polyclonal antibody against

trkB (Fig. 2b). As a further control for specificity, we
performed indirect immunofluorescence using 41101K in
the presence of 100 mg/ml of the peptide used to generate
this antibody. Under these conditions, no immunofluores-
cent signal was seen at the neuromuscular junction, while
signal strength was undiminished by the same concentra-
tion of an irrelevant peptide (data not shown). Monoclonal
antibody 75-6 also gave a strong immunofluorescent signal
that colocalized with AChRs at the motor endplate (Fig. 2c),
while parallel incubation with an irrelevant mouse mono-
clonal antibody against the EGFR did not (Fig. 2d).

MuSK Is Concentrated at the Motor Endplate
during Development

To localize MuSK in developing muscle, we utilized a
whole mount preparation of mouse diaphragm which is
thin enough to allow NMJs to be viewed without section-
ing the tissue. In the developing diaphragm, the earliest
nerve-induced concentrations of AChRs have been re-
ported to form by embryonic day (ED) 14 –15 where they
can be seen as a band running through the central region
of the muscle subjacent to the intramuscular nerve (Lupa
and Hall, 1989). When we used polyclonal antibody
41101K to perform indirect immunofluorescence for
MuSK on diaphragm at ED 14.5, we saw faint but
discernible concentrations of MuSK coincident with
these early AChR clusters (Fig. 3a). These AChR clusters
were more numerous and brighter by ED 15.5 where they
again colocalized with MuSK (Fig. 3b). By ED 17.5, the
large, somewhat diffuse AChR clusters seen at ED 14 –16
began to condense and the coincident MuSK immunoflu-
orescent signal was brighter and more discrete (Fig. 3c).
The two proteins remained colocalized throughout the
first postnatal week (Figs. 3d and 3e) during which
transient polyneuronal innervation of myofibers begins
to be eliminated (Jansen et al., 1976). The precision of the
colocalization between MuSK and AChRs increased
throughout embryogenesis so that in the neonatal dia-
phragm the two proteins appeared precisely in register
(Figs. 3d and 3e) and at the adult NMJ, MuSK immuno-
fluorescence followed almost exactly the many ramifica-
tions shown by AChR staining visualized with rho-btx
(Fig. 3f). No coincident immunofluorescent staining was
obtained when the anti-MuSK antibody was omitted
from the primary antibody incubation buffer (Fig. 3g).

MuSK Is Concentrated at AChR Clusters in vitro

From the results above, it appears that MuSK precisely
colocalizes with AChRs during synaptogenesis in vivo.
To examine the molecular signals that regulate this
colocalization, we prepared primary cultures of rat myo-
blasts which were subsequently caused to differentiate
into myotubes and then treated overnight with recombi-
nant human agrin. We next used indirect immunofluo-
rescence with monoclonal antibody 75-6 to visualize the

FIG. 2. Antibodies to MuSK specifically label the motor endplate.
Indirect immunofluorescence was performed on 10-mm cryostat
sections of rat soleus muscle using (a) 41101K, a rabbit polyclonal
antibody raised against a C-terminal peptide of rat MuSK; (b) a
rabbit polyclonal antibody to trkB; (c) mouse monoclonal antibody
75-6 raised against the extracellular domain of rat MuSK; or (d) a
mouse monoclonal antibody against the EGFR. The top row of
panels shows the motor endplate labeled with rhodamine-
conjugated a-bungarotoxin; the bottom row shows anti-MuSK
immunofluorescence.
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distribution of MuSK on the surface of these myotubes.
In these experiments, we observed bright patches of
MuSK immunofluorescence that colocalized with AChRs
visualized with rho-btx (Fig. 4B). When quantified, we
found that 80.8 6 3.6% of such MuSK clusters were
colocalized with AChR clusters. In our cultures, clusters
of MuSK formed only rarely in the absence of added agrin.
Nonetheless, when present, such spontaneous clusters
were also colocalized with AChRs (Fig. 4A). If the anti-
MuSK antibody was omitted from the primary antibody
incubation buffer, no patches of immunofluorescence
were evident (Fig. 4C). Thus, both spontaneous and
agrin-induced AChR clusters show a striking colocaliza-
tion with concentrations of MuSK.

Regulation of MuSK at the Adult NMJ

The expression of the components of the NMJ is regulated
not only during embryogenesis but also in adult muscle (Hall
and Sanes, 1993). Previous experiments (Valenzuela et al.,
1995) showed that denervation results in a marked increase in
overall levels of MuSK expression. To determine how dener-
vation affects the localization of MuSK, we performed indirect
immunofluorescence on cryostat sections of extensor digito-
rum longus (EDL) 0–14 days after denervation. In intact EDL,
we observed bright MuSK immunofluorescence coincident
with the intense rho-btx signal that marks the NMJ. There
was no discernible immunofluorescence in the extrajunc-
tional membrane beyond the background fluorescence seen
even in the absence of a primary antibody (Fig. 5a). At 1 day
after denervation, the pattern of MuSK immunofluorescence
was indistinguishable from that in unoperated controls
(Fig. 5b).

By 3 days postdenervation, however, we observed a diffuse
immunofluorescent signal in the extrajunctional membrane
which increased in intensity after 7 or 14 days of denervation
(Figs. 5c–5e, right panels, arrowheads). Even so, clearly dis-
cernible concentrations of MuSK immunofluorescence re-
mained at the NMJ (Fig. 5d, right panel, arrows), although
these concentrations appeared broader and less bright than
those seen in intact muscle. After transient denervation,
reinnervating motor axons restored the pattern of MuSK
distribution seen in intact muscle so that there was an intense
immunofluorescent signal at the motor endplate with very
little or no diffuse immunofluorescence in the extrajunctional
membrane (Fig. 5f, right panel, arrowheads).

Image analysis performed on digitized images of both intact
and 14-day denervated muscle confirmed quantitatively what
is shown qualitatively in Fig. 5. A pixel density profile of a
segment of intact muscle (Fig. 6a) shows a sharp peak of MuSK
immunofluorescent signal at the motor endplate. We found
the mean pixel intensity of such peaks from 9 intact motor
endplates to be 194.78 6 14.11 AU, while that of the sur-
rounding extrajunctional membrane was 35.08 6 2.68 AU
(Fig. 6c, left-hand bars). By contrast, a pixel intensity profile of
denervated muscle (Fig. 6b) shows a peak of MuSK immuno-
fluorescence at the motor endplate that is shallower and
broader than that seen in intact muscle. The mean pixel
intensity of such peaks from 10 denervated endplates was
102.08 6 13.30 AU, while that of the extrajunctional mem-
brane was 45.25 6 7.06 AU (Fig. 6c, right-hand bars). Conse-
quently, in intact muscle, the mean signal intensity of MuSK
immunofluorescence is 5.55-fold higher at the motor endplate
than in the extrajunctional membrane, while the correspond-
ing ratio in denervated muscle is 2.26. This decreased ratio
resulted from a statistically significant decrease in the mean
pixel intensity of the junctional immunoreactivity for MuSK
at denervated motor endplates (P , 0.005; 8 degrees of free-
dom) and a trend toward increased extrajunctional immuno-
fluorescence that was not significant.

FIG. 3. MuSK is concentrated at the motor endplate during
development. Indirect immunofluorescence using 41101K was
performed on whole mounts of mouse diaphragm at the following
ages: (a) ED 14.5, (b) ED 15.5, (c) ED 17.5, (d) PND 1, (e) PND 7, or
(f, g) adult. In g the primary antibody was omitted.
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Extrajunctional Expression of MuSK Increases after
Denervation

The use of radioactive probes has previously proven
valuable in detecting extrajunctional expression of the
AChR that is less readily visible with fluorescent markers

(Schuetze and Role, 1987). To utilize this more sensitive
technique for visualizing MuSK localization, we incubated
intact and 7-day denervated muscle with 41101K followed
by a radioiodinated donkey anti-rabbit antibody and in situ
autoradiography. When we examined intact muscle in this

FIG. 4. MuSK is concentrated at spontaneous and agrin-induced AChR clusters in vitro. Primary rat myotube cultures were subjected to
indirect immunofluorescence using (A, B) monoclonal antibody 75-6 raised against the extracellular domain of rat MuSK or (C) no primary
antibody. Cultures shown in B and C were treated overnight with human agrin.

FIG. 5. Regulation of MuSK distribution by innervation. Indirect immunofluorescence using antibody 41101K was performed on 10-mm
cryostat sections of adult rat EDL denervated for (a) 0 day, (b) 1 day, (c) 3 days, (d) 7 days, or (e) 14 days or (f) on EDL transiently denervated
and then reinnervated. Arrows show the concentration of MuSK immunofluorescence at the motor endplate, while arrowheads show the
diffuse extrajunctional signal present in (c) 3-day (d) 7-day, or (e) 14-day denervated tissue or its absence in (a) intact or (f) reinnervated tissue.
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fashion, we observed numerous concentrations of exposed
grains in the central region of the EDL (Fig. 7a) indicative of
motor endplates. No such concentrations were observed
when the anti-MuSK antibody was omitted from the pri-
mary antibody incubation buffer in either intact (Fig. 7c) or
denervated muscle (data not shown). While there were also
concentrations of exposed grains in the central region of
tissue sections from 7-day denervated muscle, these sec-
tions also displayed a high level of extrajunctional signal
(Fig. 7b). Thus, this more sensitive assay clearly confirms
the extrajunctional expression of MuSK in denervated
muscle suggested by the previous immunofluorescence
data.

MuSK Expression Is Regulated by Muscle Activity

Previous experiments have shown that the expression of
MuSK increases dramatically upon denervation and that
MuSK mRNA, which in intact muscle is transcribed pref-
erentially by subsynaptic myonuclei, becomes expressed
throughout the myofiber following denervation (Valenzuela
et al., 1995). To determine whether muscle paralysis in the
absence of denervation could similarly affect MuSK expres-
sion, we injected tetrodotoxin (TTX) into the sciatic nerve

of adult rats to block nerve-evoked contraction of the soleus
and gastrocnemius muscles. Blockage of nerve impulse
propagation was validated 1 and 6 days after TTX injection.
Bipolar needle electrodes were inserted into the soleus,
tibialis anterior, and lateral gastrocnemius muscles and
muscle electromyographic (EMG) activity was recorded
upon stimulation of the sciatic nerve above or below the
TTX injection site. In sham-operated or PBS-injected rats,
the threshold current for activation of the muscles was
;0.5 mA. At 1 day after TTX injection, muscle activation
could not be elicited with stimulation above the injection
site. EMG activity could be elicited in all muscles of the
TTX-injected rats when the sciatic nerve was stimulated
below the lesion site, with the threshold ranging from 1.5 to
6 mA. At 6 days following TTX injection, three rats were
tested for nerve impulse blockage. In two rats, EMG activ-
ity could not be recorded at the threshold current of 0.5 mA
when the nerve was stimulated above the TTX injection
site. The EMG activity recorded in the third rat at a
threshold voltage of 0.5 mA was less than 1% of that
recorded in sham-operated or PBS-injected rats. Only by
using currents well above the physiological range (1 to 10
mA) could we elicit EMG activity in the treated muscles
with stimulation above the TTX injection site. Even so, the
peak EMG measured at threshold was only 1 to 8% of that
recorded in sham-operated or PBS-treated rats.

To determine the effect of muscle paralysis on overall
MuSK expression, we subjected muscle membrane extracts
from intact or TTX-paralyzed gastrocnemius muscles to

FIG. 7. Extrajunctional expression of MuSK is increased after
denervation. Cryostat sections of (a, c) intact or (b) 7-day dener-
vated adult rat EDL were incubated either (a, b) with or (c) without
antibody 41101K and then with a radioiodinated secondary anti-
body. Sections were then dipped in photographic emulsion and
processed for in situ autoradiography.

FIG. 6. Image analysis of MuSK immunofluorescence in intact
and denervated muscle. Image analysis was performed on digitized
images of EDL muscle on which we had performed indirect
immunofluorescence for MuSK using antibody 41101K. A pixel
intensity profile was taken from a myotube segment containing a
motor endplate in either (a) intact or (b) 14-day denervated EDL. (c)
The mean pixel intensity of the junctional (solid bars) or extrajunc-
tional membrane (hatched bars) was measured for both intact
(left-hand bars) or 14-day denervated EDL (right-hand bars).
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immunoprecipitation and immunoblot with 41101K. Little
MuSK was detected by this method in intact muscle (Fig. 8,
left lane) with only a faint band becoming visible on
prolonged photographic exposure (data not shown). After
paralysis, however, the level of MuSK expression increased
markedly in the paralyzed muscle (Fig. 8, right lane) as it
also does in denervated muscle (Valenzuela et al., 1995). We
then examined the localization of MuSK mRNA in these
tissues by in situ hybridization using a probe specific for the
kinase domain of MuSK on cryostat sections from either
intact or TTX-paralyzed soleus. The pattern of MuSK hy-
bridization obtained from intact muscle showed numerous
clusters of exposed grains which were consistently located
in the central region of the muscle (Fig. 9a); no such
concentrations of exposed grains were observed using a
sense probe (Fig. 9c). In the paralyzed soleus, MuSK mRNA
was no longer confined to subsynaptic nuclei but was
instead found throughout the myofiber (Fig. 9b). Thus,
paralysis appears sufficient to elicit the changes both in
overall MuSK protein expression and in the localization of
its mRNA previously shown to occur after denervation.

DISCUSSION

Recent experiments showing that mice null for MuSK fail
to form NMJs demonstrate that MuSK plays a central role
in the development of this structure during embryogenesis
(DeChiara et al., 1996). Biochemical evidence indicating
that MuSK acts as a receptor for agrin suggested that MuSK
activation might be the event that triggers NMJ formation
(Glass et al., 1996). To provide information on the mecha-
nism by which MuSK mediates the formation of the NMJ,
we have investigated how MuSK expression is regulated at
the developing and functionally compromised adult motor
endplate. Our studies indicate that the localization of
MuSK is tightly coordinated with that of the AChR in
several biologically significant contexts. First, during devel-
opment, MuSK is clustered at the nascent motor endplate
from the earliest times it can be observed. Second, MuSK is
concentrated at both agrin-induced and spontaneous AChR

clusters in vitro. Third, in intact adult muscle, MuSK is
highly concentrated at the NMJ, whereas after denervation
it becomes expressed throughout the muscle membrane.
Finally, muscle paralysis even in the absence of denervation
causes a marked increase in overall MuSK expression as
well as striking changes in the distribution of MuSK
mRNA.

MuSK Clusters at the Motor Endplate throughout
the Development of the NMJ

During embryogenesis, AChR clusters form at the sites of
nerve/muscle contact. These initially diffuse clusters con-
dense and stabilize during development, finally assuming
the complex structure characteristic of the adult motor
endplate. When we performed indirect immunofluores-
cence on developing diaphragm, using an antibody that
specifically recognizes MuSK at the NMJ (Figs. 1 and 2), we
found that clusters of MuSK are colocalized with even the
earliest AChR clusters and that the two proteins remain
colocalized throughout the development of the NMJ (Fig. 3).
The precise colocalization of MuSK with AChR clusters at
early developmental times contrasts with the distribution
of agrin which, though present at early AChR clusters, does
not become concentrated at the NMJ until after birth (Hoch
et al., 1993). The distribution pattern of MuSK is consistent
with the idea that MuSK is directly involved even in the

FIG. 9. Extrajunctional transcription of MuSK increases after
muscle paralysis. Cryostat sections from either (a) intact or (b)
TTX-paralyzed adult rat soleus were hybridized with an 35S-labeled
RNA antisense probe against the kinase domain of rat MuSK or (c)
with a sense probe. Tissues were then dipped in photographic
emulsion, processed for autoradiography, and photographed under
dark-field illumination.

FIG. 8. TTX-induced paralysis upregulates MuSK expression.
Muscle homogenates from either TTX-paralyzed (1) or contralat-
eral intact (2) gastrocnemius muscle were immunoprecipitated
with 41101K and then immunoblotted with the same antibody.
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earliest phases of motor endplate formation where MuSK is
presumably phosphorylated by agrin deposited into the
muscle basal lamina by motor neurites. MuSK phosphory-
lation would then likely act to cause the clustering of other
NMJ components via an as yet undetermined signaling
cascade.

Whether the formation of MuSK clusters precedes the
formation of AChR clusters remains an open question
because we were unable to perform these experiments on
diaphragm prior to the appearance of the first AChR clus-
ters. Recent evidence suggests indirectly that the clustering
of MuSK may precede the clustering of AChRs during NMJ
development. The clustering of AChRs by agrin has been
shown to be critically dependent on rapsyn (Frail et al.,
1988; Froehner, 1984), a membrane-associated cytoplasmic
protein concentrated at the NMJ that has been proposed to
act as a link between the AChR and the cytoskeleton (Apel
et al., 1995; Froehner, 1991). Supporting this idea is the
finding that mice null for rapsyn fail during embryological
development to form any clusters of the AChR or other
motor endplate proteins (Gautam et al., 1995). Interest-
ingly, these mice do form clusters of MuSK on myotubes at
the sites of nerve/muscle contact even in the absence of
coincident clusters of AChRs, implying that the clustering
of MuSK is upstream of the formation of AChR clusters in
the signaling cascade leading to NMJ formation (Apel et al.,
1997). By this view, the early activation and clustering of
MuSK might act to initiate the formation of a motor
endplate scaffold into which AChRs and other synaptic
components would subsequently be recruited. It is also
possible that other cluster-promoting molecules may act to
induce and/or stabilize AChR clusters. For example, recent
experiments show that AChRs can become clustered by
laminin-1 in a MuSK-independent pathway (Sugiyama et
al., 1997). However, this laminin-dependent pathway is
insufficient in vivo to cause the formation of normal motor
endplates in the absence of either MuSK (DeChiara et al.,
1996) or neural agrin (Gautam et al., 1996). Thus, while a
laminin-mediated, MuSK-independent signaling pathway
may have an important role in motor endplate formation, it
seems able to augment rather than substitute for the
agrin/MuSK signaling cascade. One possible function of
this laminin-dependent pathway may be to stabilize nas-
cent clusters or to increase the local density of AChRs in
those clusters as suggested by the observation that clusters
formed by laminin-1 appear brighter when labeled with
a-bungarotoxin than those formed by agrin alone (Sugiyama
et al., 1997).

MuSK and AChRs Colocalize in Agrin-Induced
Clusters

From the results discussed above, it appears that MuSK
and AChRs are coordinately localized throughout embry-
onic development. We were next interested to see if agrin
could regulate the distribution of both proteins on cultured
myotubes. Though agrin seemed likely to have this activ-

ity, it was nonetheless possible that some other activity
released by the nerve might be necessary to cluster MuSK
on the myotube surface while agrin was sufficient to cluster
AChRs and other components of the NMJ. Thus agrin
might cause the formation of AChR clusters but leave
MuSK diffusely distributed on the myotube surface. From
our experiments on cultured myotubes (Fig. 4), it appears
that purified agrin is sufficient to cause MuSK clusters to
form on the surface of cultured myotubes. As in developing
muscle, the distribution of MuSK in cultured myotubes
closely follows that of the AChR with both proteins con-
centrated into clusters by agrin. The significance of the
small proportion (' 20%) of MuSK clusters that do not
colocalize with AChR clusters is unclear. While they might
simply be due to nonspecific binding of the antibody, they
might alternately represent an early stage of cluster forma-
tion in which MuSK has been caused to cluster but AChRs
and other motor endplate components have yet to be
recruited into the nascent cluster scaffold.

Interestingly, even AChR clusters that form in the ab-
sence of added agrin are coincident with concentrations of
MuSK (Fig. 4b). This, coupled with the finding that cultured
myotubes from the MuSK knockout mice completely lack
spontaneous AChR clusters (DeChiara et al., 1996), sug-
gests that even spontaneous clusters form via a MuSK-
dependent pathway. Perhaps, like other receptor tyrosine
kinases, such as Met (Wang et al., 1996) and Sky (Taylor et
al., 1995), MuSK is capable of spontaneous dimerization
which would thus lead to the activation of the kinase in a
ligand-independent fashion. Such sporadic spontaneous
dimerization might lead to the formation of occasional
clusters of AChRs and other NMJ proteins even in the
absence of added agrin.

MuSK Becomes Expressed Extrajunctionally in
Denervated Muscle

The expression of the components of the NMJ is regu-
lated by innervation not only during development, but also
in adult muscle. Disrupting the normal pattern of neuro-
muscular activity profoundly alters the expression level,
distribution and/or structure of many NMJ proteins (Hall
and Sanes, 1993). We have previously shown that denerva-
tion sharply upregulates the expression of MuSK (Valenzu-
ela et al., 1995) and have now examined how this upregu-
lation affects MuSK distribution in denervated muscle.
While MuSK immunofluorescence is restricted to the mo-
tor endplate in intact muscle, it is seen diffusely in the
extrasynaptic membrane following denervation (Fig. 5).
Image analysis (Fig. 6) confirmed that the MuSK immuno-
fluorescent signal at the motor endplate of denervated
muscle was less intense than that of intact muscle, while
the intensity of the extrajunctional signal was increased.
After reinnervation, the original pattern of MuSK distribu-
tion was reestablished so that the MuSK immunofluores-
cent signal was once again detectable exclusively at the
motor endplate.

317MuSK at the Neuromuscular Junction

Copyright © 1998 by Academic Press. All rights of reproduction in any form reserved.



That the diffuse immunofluorescence seen in the extra-
junctional membrane after prolonged denervation repre-
sents genuine MuSK expression was confirmed by in situ
autoradiography. Under these conditions, intact muscle
shows numerous concentrations of exposed grains in the
photographic emulsion overlying the tissue, presumably
representing the clustered MuSK found at the motor end-
plate (Fig. 7a). After 7 days of denervation, these junctional
clusters remain, but now large amounts of exposed grains
also overlie the entire myotube surface (Fig. 7b), confirming
that MuSK is expressed throughout the myotube membrane
in this tissue. Further, if indirect, evidence for the presence
of extrajunctional MuSK in denervated muscle is provided
by recent results showing that extrajunctional expression of
neural agrin in denervated muscle is sufficient to cause the
ectopic formation of structures that contain many of the
hallmarks of the motor endplate, including clusters of
AChRs and acetylcholinesterase (Jones et al., 1997; Rimer
et al., 1997). The ability of neural agrin to cause these
postsynaptic-like structures to form at sites far removed
from the original, nerve-induced motor endplate strongly
implies that MuSK must be present at these sites and
responds to the added agrin by triggering the local cluster-
ing of AChRs and other constituents of the motor endplate.
It will be interesting to examine directly whether MuSK
itself is concentrated in these ectopic clusters.

Again, these findings for MuSK parallel previous obser-
vations concerning the AChR. While the density of AChRs
in the extrajunctional membrane has been shown by auto-
radiographic methods to increase 10-fold after denervation
(Fambrough, 1974), this striking increase is barely discern-
ible using a fluorescence-based assay. By providing informa-
tion on the distribution of MuSK in denervated muscle, our
current data thus complement and extend the previous
observation that MuSK expression is upregulated in dener-
vated muscle.

Muscle Paralysis Increases MuSK Expression and
Alters the Distribution of Its mRNA

As discussed above, denervation results in a marked
increase in MuSK expression. In addition, MuSK mRNA,
which in intact muscle is restricted to subsynaptic myonu-
clei, becomes widespread throughout the myofiber after
denervation. To determine whether these effects required
the degeneration of the motor axon or could instead be
elicited by simple muscle inactivity, we examined the
effects of muscle paralysis on the expression of MuSK in
adult muscle. After injecting TTX into the sciatic nerve to
cause the paralysis of the gastrocnemius muscle, we found
that here too the expression of MuSK sharply increased
despite the fact that the nerve remained physically intact
(Fig. 8). Similarly, the increase in extrajunctional MuSK
mRNA transcription that occurs after denervation was also
evident in the paralyzed soleus (Fig. 9). Thus, muscle
paralysis is sufficient to reproduce the effects on MuSK
expression previously shown to occur following denerva-

tion. Here again the regulation of MuSK parallels that of the
AChR, which also becomes upregulated following muscle
paralysis. It may thus be that similar regulatory elements
control the transcription of both MuSK and AChR subunit
mRNAs.

In summary, our results demonstrate that the distribu-
tion of MuSK is temporally and spatially coordinated with
that of the AChR both in the embryo and in the adult.
MuSK is concentrated even in AChR clusters that form on
cultured myotubes in the absence of exogenous agrin.
Moreover, it appears that agrin is sufficient to reorganize
the distribution of both proteins on the myotube surface.
Finally, it appears that in the adult, MuSK is regulated at
least in part by muscle activity, since muscle paralysis
causes profound alterations in MuSK expression similar to
those caused by denervation. Taken together, these results
suggest that MuSK is directly involved in all phases of the
formation and the maintenance of the NMJ.
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