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In skeletal muscle fibers, neural agrin can direct the accumu-
lation of acetylcholine receptors (AChR) and transcription of
AChR subunit genes from the subsynaptic nuclei. Although the
receptor tyrosine kinase MuSK is required for AChR clustering,
it is less clear whether MuSK regulates gene transcription. To
elucidate the role of MuSK in these processes, we constructed
a constitutively active MuSK receptor, MuSKneuTMuSK, taking
advantage of the spontaneous homodimerization of the trans-
membrane domain of neuT, an oncogenic variant of the neu/
erbB2 receptor. In the extrasynaptic region of innervated mus-
cle fibers, MuSKneuTMuSK formed highly concentrated
aggregates that colocalized with AChR clusters. Associated
with MuSK-induced AChR clusters was a normal complement
of synaptic proteins. Moreover, transcription of the AChR-e
subunit gene was increased, albeit via an indirect mechanism
by MuSK-induced aggregation of erbB receptors and neuregu-

lin. Although neural agrin was not required, the activity of
MuSKneuTMuSK was nevertheless potentiated by ectopic ex-
pression of a muscle agrin isoform inactive in AChR clustering.
To define the role of the kinase domain in the formation of
a postsynaptic-like membrane, a second fusion receptor,
neuneuTMuSK, which included the MuSK kinase but not the
MuSK extracellular domain, was expressed. Significantly,
neuneuTMuSK induced AChR clusters that colocalized with
aggregates of endogenous MuSK. Taken together, it was con-
cluded that the MuSK kinase domain is sufficient to initiate the
recruitment of additional MuSK receptors, which then develop
into highly concentrated aggregates by means of a positive
feedback loop to induce a postsynaptic membrane in the ab-
sence of neural agrin.
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The formation of the developing neuromuscular junction (NMJ)
involves the nerve-induced transcription of acetylcholine recep-
tor (AChR) subunit genes in the subsynaptic nuclei of the muscle
fiber and the aggregation of their gene products, the AChRs, at
the subsynaptic membrane. Synapse formation is thought to be
initiated by the release of agrin from the nerve terminal (McMa-
han, 1990). Agrin is expressed in several isoforms (Ruegg and
Bixby, 1998). Isoforms expressed by neurons, but not those by
other tissues, cluster AChRs expressed on the surface of cultured
myotubes (Ruegg et al., 1992; Ferns et al., 1993) by the activation
of the receptor tyrosine kinase MuSK (Glass et al., 1996). Be-
cause AChR clusters are induced independently of agrin in
cultured myotubes by the addition of anti-MuSK antibodies (Xie
et al., 1997; Hopf and Hoch, 1998), MuSK is likely to be part of
an agrin receptor complex. However, it remains unclear whether
MuSK can activate AChR gene transcription.

Synapse-specific transcription of AChR genes is thought to be
induced by neuregulins (NRGs) activating erbB receptor ty-
rosine kinases, both of which are localized at the neuromuscular
junction (for review, see Fischbach and Rosen, 1997). However,
the agrin- and NRG-activated pathways may converge, because
ectopic agrin can induce AChR gene transcription in nonsynaptic

muscle regions (Jones et al., 1997), where it also aggregates
muscle-derived NRGs and erbB receptors (Meier et al., 1997,
1998a; Rimer et al., 1998). Furthermore, AChR gene transcrip-
tion in cultured myotubes induced by full-length agrin is depen-
dent on the erbB-receptor pathway (Meier et al., 1998a).

Despite the evidence equating the biological activity of neural
agrin with MuSK activation in subsynaptic differentiation, several
inconsistencies remain unresolved. One question is how in extra-
synaptic regions of innervated muscle fibers where MuSK is
reported to be absent (Valenzuela et al., 1995), subsynaptic dif-
ferentiation is initiated by agrin, and which pathways induce
MuSK aggregation at mature ectopic postsynaptic-like mem-
branes (Meier et al., 1997). Second, in cultured myotubes, acti-
vation of MuSK by neural agrin added in soluble form induces
AChR clustering only but not AChR gene transcription (Jones et
al., 1996). Rather, the stable attachment of agrin to a laminin
substrate is required for gene transcription, consistent with the
idea that agrin may have roles beyond MuSK activation. For
example, signaling by agrin appears to involve integrins (Martin
and Sanes, 1997). Finally, the role of an agrin-induced NRG/erbB
receptor pathway via activation of MuSK is unclear, because
localization of erbB receptors is absent in both rapsyn- and
MuSK-deficient muscle, but localized transcription appears to be
absent from the latter only (Gautam et al., 1995; Moscoso et al.,
1995; DeChiara et al., 1996).

These problems were addressed by expressing in muscle fibers
constitutively active chimeric constructs comprising combinations
of the extra- and intracellular domains of MuSK and erbB2/neu
separated by the transmembrane domain of neuT, an oncogenic
variant of the erbB2/neu receptor (Bargmann et al., 1986). In this
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way, the roles of MuSK in various aspects of agrin-induced
differentiation of the postsynaptic muscle membrane could be
examined directly.

MATERIALS AND METHODS
Construction of MuSK and erbB2/neu fusion receptors. MuSK cDNA was
amplified by RT-PCR from primary rat myotube poly(A 1) RNA, and
full-length cDNA was subcloned into the EcoRI and XbaI sites of p_myc,
a pcDNA1 (Invitrogen, Carlsbad, CA)-based vector that includes five
copies of the myc epitope (Meier et al., 1998b) to create pMuSK_myc.
Rat neuT cDNA was isolated from the vector pSVneuT (Bargmann et al.,
1986). The nomenclature adopted for this paper divides the receptor
cDNA into extracellular, transmembrane, and intracellular/kinase do-
mains. To construct pMuSKneuTneu, a region of the extracellular domain
of MuSK between nucleotides 1416 and 1596 was amplified using the
following PCR primers: MuSK1416_s, 59-ggagtgcagcaagcttcccagc-39, which
includes the HindIII site at position 1426, and MuSK1596_asNdeI 59-
ccgggcacatatgcaggcgagacggcgaaggaagacgtgga-39 (Microsynth, Balgach,
Switzerland), which introduces an NdeI site (underlined) encoding a linker
peptide AYV between the MuSK extracellular domain and the neuT
transmembrane domain in the completed fusion receptor. The trans-
membrane domain and part of the intracellular domain of neuT was
amplified using the following oligonucleotides: neuT1985_sNdeI 59-
ccggggcatatgtgacattcatcattgcaactgtagagggcgtc-39, which introduces an
NdeI site and neuT2406_as 59-gatgtcaggcagatgccc-39. The resulting PCR
product was digested with NdeI and XbaI (at nucleotide 2332) and
subcloned with the HindIII- and NdeI-digested MuSK PCR product into
pMuSK_myc digested with HindIII and XbaI. This fragment was then
excised by digestion with EcoRI and XbaI and ligated with the intracel-
lular region of neuT by digesting pSVneuT with XbaI and XhoI and
subcloning into pCDNAI digested with EcoRI and XhoI. To construct
pMuSKneuTMuSK_myc, the following PCR amplifications were
performed: pMuSKneuTneu was amplified using MuSK1416_s and
MuSKneuT_as 59-cctccttcggcagcaatagattaggattccaacgacc-39, which in-
cluded MuSK intracellular domain (underlined) and neuT transmembrane
sequences; intracellular domains of MuSK were amplified using
MuSK1663_s 59-tattgctgccgaaggagg-39, which includes the same region as
underlined in MuSKneuT_as and MuSK2727_as. The two PCR products
were diluted, mixed, and reamplified using the flanking primers
MuSK1416_s and MuSK2727_as. The resulting product was isolated and
digested with HindIII and BlpI (at position 1812) and subcloned into
pMuSK_myc digested with HindIII and BlpI. To construct pneuneuT-
MuSK, a fragment of neuT extending from the extracellular domain into
the neuT transmembrane domain was amplified using the primers
neu1886_s, 59-gaggagggcatatgccag-39 and neuTM.Glu_as, 59-ggacgccctcta-
cagttgc-39; the neuT transmembrane domain into the MuSK intracellular
domain was amplified using the primers neuTM.Glu_s, 59-gcaactgta-
gagggcgtcc-39, and MuSK1921_as, 59-cctccttcagcatcttcacagccacc-39. The re-
sulting PCR products were diluted, mixed, and reamplified using neu1886_s
and MuSK_as. The resulting PCR product was digested with the restriction
endonucleases NdeI and BlpI and combined with pMuSK_myc digested
with HindIII and BlpI and an neuT extracellular fragment HindIII /NdeI.
The resulting constructs were then sequenced, and equivalent expression
of MuSKneuTMuSK, MuSKneuTneu, and neuneuTMuSK was con-
firmed by immunoprecipitation and Western blot analysis of transfected
Cos-1 cells.

Construction of pGFP-S6. To identify transfected myoblasts and in-
jected muscle fibers, we constructed a green fluorescent protein (GFP)
(Clontech, Palo Alto, CA) that was targeted into the nucleus. To do this,
three nuclear localization signals (NLSs) present at the C terminus of the
S6 protein (Schmidt et al., 1995) were fused to the C terminus of
humanized GFP. An EcoRI restriction endonuclease site was introduced
via PCR at the 39 end of cDNA encoding humanized GFP, which was
then cloned 59 HindIII–EcoRI 39 into the vector pCMX-pI2 (Umesono et
al., 1991). A 251 bp fragment of the cDNA encoding the three NLSs of
protein S6 was amplified using the following primers: S6F 59- aaagaattcaa-
gaaacctaggaccaaagca-39, S6R 59-tcaggatccctatttctgactggattcaga-39. S6F in-
cludes the first NLS of S6, and S6R includes a stop codon. The resulting
PCR product was digested with EcoRI and BamHI (underlined in S6F
and S6R) and subcloned into the EcoRI–BamHI sites of pCMX-pI2/GFP
to generate pGFP-S6.

Transfection of C2C12 myoblasts. For analysis of transcriptional activity
of the -216e subunit gene promoter (Jones et al., 1996), 1 3 10 5 C2C12
cells were passaged onto six-well plates that had been coated with either

laminin alone or laminin with agrin as described (Meier et al., 1998a).
Myoblasts were transfected with 800 ng of reporter plasmid DNA, 200 ng
of the appropriate receptor plasmid, and 200 ng of pCH110 (Pharmacia
BioTech Europe) using 5 ml FuGENE 6 (Roche Diagnostics Boehringer
Mannheim, Mannheim, Germany) according to the manufacturer’s in-
structions. Myotubes were analyzed 5 d after transfection. Results are
averages of three dishes each from at least three independent transfec-
tions. For immunoprecipitation experiments, C2C12 myoblasts were
transfected with 1 mg of the appropriate plasmid expression vector and
allowed to differentiate for 5 d. Cells were lysed, and membrane proteins
were immunoprecipitated as described (Meier et al., 1998a).

Injection of muscle fibers and immunohistochemistry. Single rat soleus
fibers were injected as described previously (Jones et al., 1997; Meier et
al., 1997) with 80 ng/ml pGFP-S6, 100 ng/ml pMuSKneuTMuSK_myc or
pneuneuTMuSK_myc, and where applicable, 100 ng/ml pcAgrin7A0B0.
Rats were killed 4 weeks later. For immunohistochemistry, muscles were
frozen in prechilled isopentane and cut into 12 mm cross sections.
Immunohistochemistry of unfixed cross sections was performed using
antibodies and methods as described (Meier et al., 1997).

Quantitative TaqMan fluorescent real time PCR analysis of AChR-e
subunit RNA in injected muscles. Expression of GFP-S6 allowed direct
visualization of injected fibers, the borders of which were marked before
freezing. The injected and noninjected regions were then excised, and
total RNA was extracted using the Qiagen RNeasy RNA extraction kit
(Qiagen AG, Basel, Switzerland). First-strand cDNA was synthesized
from 2 mg of total RNA primed with 250 ng of random hexamers (Roche
Diagnostics Boehringer Mannheim) using Superscript reverse transcrip-
tase (Life Technologies, Gaithersburg, MD). First-strand cDNA was
purified using the High Pure PCR Product Purification Kit (Roche
Diagnostics Boehringer Mannheim). The primers b-actin sense 59-
ttcaacaccccagccatgt-39, anti-sense 59-gtggtacgaccagaggcataca-39, AChR-e
subunit sense 59-ccaacgactcacgccacat-39, and anti-sense 59-ggcgcggcag-
tagctcta-39 were synthesized and flanked the TaqMan oligonucleotide
probes b-actin, 59-(FAM)cgtagccatccaggctgtgttgtcc(TAMRA)-39 and
AChR-e, 59-(FAM)ccctcggctgcgccagatttt(TAMRA)-39. TaqMan PCR was
performed using the TaqMan PCR Core Reagent Kit as described by the
manufacturer (Perkin-Elmer Applied Biosystems), with the exception that
MgCl2 was increased to 5 mM. AChR-e subunit mRNA was quantitated
relative to b-actin mRNA using the comparative CT method. CT (thresh-
old cycle) is defined as the cycle number at which the amount of amplified
target passes a fixed threshold above baseline. DCT is the difference in
threshold cycles between AChR-e and b-actin, calculated for RNA
isolated from either injected or noninjected regions. Subtracting the DCT
of the noninjected region from the DCT of the injected region gives the
value DDCT , which when applied in the formula 2 2DD CT, gives the
amount of AChR-e subunit RNA in injected muscle fibers, normalized to
b-actin, and relative to the noninjected region. To ensure that the DDCT
calculation was valid, the efficiency with which both genes were amplified
was examined and found to be the same.

RESULTS
Constitutive activation of MuSK induces ectopic
AChR clusters
To examine the biological activity of MuSK independently of
activation by agrin, we designed an activated MuSK receptor
construct. This was performed by exploiting the neuT oncogene,
in which a single point mutation in the transmembrane domain
results in the spontaneous formation of active neuT homodimers.
It is now apparent that although the transmembrane domain of
the receptor tyrosine kinases is required for activity, correct
biological signaling also involves dimerization of the extracellular
and kinase domains (Siegel and Muller, 1996; Burke et al., 1997;
Tzahar et al., 1997). On the basis of these findings, we reasoned
that a MuSK receptor fusion construct, MuSKneuTMuSK, in
which the MuSK extracellular and kinase domains were separated
by a neuT transmembrane domain (for the nomenclature of the
fusion constructs, see Fig. 1), would homodimerize yet retain
MuSK biological activity.

In response to neural agrin, the MuSK kinase domain is only
transiently phosphorylated over a time course of minutes (Glass
et al., 1996), and a similar problem occurs with constitutive
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activation of the MuSK kinase domain. Therefore, because only
those isoforms of agrin that induce AChR clustering also phos-
phorylate MuSK (Glass et al., 1996), AChR clustering in C2C12
myotubes was used to assay MuSKneuTMuSK activity. C2C12
myoblasts were transfected with pMuSKneuTMuSK_myc and
pGFP-S6, which encodes nuclear-localized GFP. AChR clusters
were induced on 80% of GFP-positive myotubes, which compared
favorably with AChR clustering on myotubes transfected with
pGFP-S6 but treated with neural agrin (94% AChR cluster/GFP
colocalization). In contrast, in myoblasts transfected with
pMuSKneuTneu_myc, which consists of the MuSK extracellular
domain but the erbB2/neu kinase domain, only 3% of GFP-
positive myotubes exhibited AChR clustering, the same as that
seen for untreated myotubes transfected with pGFP-S6 alone
(data not shown).

We next investigated whether activation of MuSK was sufficient
to induce AChR clusters in the nerve-free region of innervated
muscle fibers. To identify injected fibers, pMuSKneuTMuSK_myc
was coinjected with pGFP-S6. Overexpression of constitutively
active MuSKneuTMuSK induced approximately one AChR clus-
ter per injected fiber [Fig. 2, MuSKneuTMuSK, and right panel,
2cAgrin 7A0B0 (1.2 6 0.1 AChR clusters/injected fiber; SEM,
n 5 9 muscles/200 fibers)]; they were similar in number and
appearance to those induced by low levels of neural agrin. Similar
findings were obtained with a chimera lacking a myc tag (data not
shown). In contrast, ectopic expression of wild-type MuSK only
rarely induced AChR clusters, which were small and point-like in
appearance (data not shown).

It was shown previously that the distribution of endogenous
MuSK is coextensive with that of ectopic agrin deposits, inde-
pendent of whether an active or an inactive isoform of agrin was
expressed (Meier et al., 1997; D. M. Hauser and M. A. Ruegg,
personal communication). This suggests that agrin may influence
AChR clustering via two mechanisms: (1) by accumulating MuSK
and (2) by phosphorylating MuSK. We were therefore interested
to see whether an inactive muscle isoform of chick agrin influenced
the appearance of MuSKneuTMuSK and/or AChR clusters. To do
this, expression plasmids encoding either MuSKneuTMuSK or
chick agrin, cAgrin7A0B0 , were injected into neighboring muscle
fibers. Although the morphology of the resulting AChR clusters
remained similar to those induced by MuSKneuTMuSK alone
(Fig. 2, MuSKneuTMuSK/cAgrin), cAgrin7A0B0 increased the aver-
age number of AChR clusters on pMuSKneuTMuSK_myc-

injected fibers more than twofold, such that several AChR clusters
were now present on each injected fiber examined [Fig. 2, right
panel, 1cAgrin 7A0B0 (2.6 6 0.3 AChR clusters/injected fiber;
SEM, n 5 4 muscles/100 fibers)]. Thus, MuSKneuTMuSK induced
ectopic AChR clusters independently of neural agrin, but this
activity was enhanced by exogenous chick muscle agrin
cAgrin7A0B0.

Activation of the MuSK kinase domain initiates
recruitment and aggregation of additional
MuSK receptors
Endogenous MuSK colocalizes with ectopic neural (Meier et al.,
1997) and muscle agrin isoforms (Hauser and Ruegg, personal
communication), suggesting that agrin may be involved in the
localization of MuSK to the NMJ. To examine the distribution of
MuSKneuTMuSK in the absence of agrin, fibers injected with
pMuSKneuTMuSK_myc were analyzed in frozen cross sections
through the injected region. First, the distribution of MuSKneu-
TMuSK was determined by immunohistochemistry using anti-
bodies that recognized the extracellular domain of MuSK (Meier
et al., 1997) or the C-terminal myc tag. Intense myc immunore-
activity colocalized with AChR clusters, with only faint staining
extending throughout the cytoplasm and around the remainder of
the muscle fiber circumference (Fig. 3A, MuSKneuTMuSK, myc).
MuSK immunoreactivity was similarly concentrated at AChR

Figure 1. Schematic of MuSK and neu/erbB2 receptor fusion constructs.
The nomenclature adopted divides each receptor tyrosine kinase into
extracellular, transmembrane (TM ), and intracellular/kinase domains.
Also shown is the C-terminal myc tag. The plasmid encoding each
chimeric receptor is denoted by the prefix “p” and myc as suffix. Wild-type
MuSK (rMuSK ) is indicated as are each of the fusion receptor products
encoded by each plasmid: MuSKneuTMuSK, MuSKneuTneu, and
neuneuTMuSK.

Figure 2. Constitutive activation of MuSK is sufficient to induce ectopic,
activity-resistant AChR clusters but is enhanced by a muscle agrin iso-
form, cAgrin7A0B0. In muscle fibers injected with pMuSKneuTMuSK-
_myc, generally one AChR cluster was recorded per injected fiber (MuSK-
neuTMuSK, AChR) and was associated with clusters of GFP-positive
nuclei (GFP). cAgrin7A0B0 secreted from neighboring fibers increased the
number of AChR clusters on pMuSKneuTMuSK_myc-injected fibers
(MuSKneuTMuSK/cAgrin). In the example shown, three AChR clusters
(arrows) are present in close proximity on the same injected fiber as seen
by colocalization with clusters of GFP-positive nuclei. Analysis of the
average number of AChR clusters per GFP-positive fiber showed that
cAgrin7A0B0 increased the average number of MuSKneuTMuSK-induced
AChR clusters per injected fiber more than twofold (right panel, 1cAgrin
7A0B0; SEM, n 5 4 muscles, 100 fibers) over that observed in muscle
fibers injected with pMuSKneuTMuSK_myc alone (right panel, 2cAgrin
7A0B0; SEM, n 5 9 muscles, 200 fibers). Scale bar, 50 mm.
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clusters (Fig. 3A, MuSKneuTMuSK, MuSK). In muscles injected
with pMuSKneuTMuSK_myc and pcAgrin7A0B0 , concentrated
aggregates of MuSKneuTMuSK still colocalized with AChRs
(data not shown). The formation of highly concentrated aggre-
gates of MuSKneuTMuSK coincident with AChR clusters, both
in the presence and absence of cAgrin7A0B0 , thus implies a
positive feedback loop, driven by the activation of MuSK itself.
Furthermore, because MuSKneuTneu did not induce AChR clus-
tering in injected muscle fibers (data not shown), the MuSK
kinase domain was essential for this process. To directly test
whether activation of the MuSK kinase was sufficient for the
recruitment of MuSK, we constructed pneuneuTMuSK_myc,
which includes the erbB2/neu extracellular domain and the MuSK

kinase domain (Fig. 1). In contrast to MuSKneuTMuSK, neu-
neuTMuSK did not induce AChR clusters in C2C12 myotubes
(data not shown), similar to a trkC/MuSK chimera, which also
lacks the MuSK extracellular domain and is consistent with the
idea that the MuSK extracellular domain is required for AChR
clustering (Glass et al., 1997). Surprisingly, however, ectopic
expression of neuneuTMuSK in innervated muscle fibers induced
AChR clusters indistinguishable from those induced by MuSK-
neuTMuSK (Fig. 3B, neuneuTMuSK, AChR), suggesting that the
MuSK extracellular domain must be supplied by endogenous
MuSK. Indeed, both neuneuTMuSK, identified specifically by an
anti-myc antibody (Fig. 3B, neuneuTMuSK, myc), and endoge-
nous MuSK, identified by an antibody against the extracellular
domain of MuSK (Fig. 3B, neuneuTMuSK, MuSK) (Meier et al.,
1997), colocalized with AChR clusters.

The association of neuneuTMuSK with endogenous MuSK
receptors was confirmed by immunoprecipitation experiments.
Extracts from C2C12 myotubes transfected with pneuneuT-
MuSK_myc were immunoprecipitated with an anti-myc antibody
and analyzed by Western blotting using an anti-MuSK antibody
that does not recognize neuneuTMuSK (Fig. 4, lane 2). A single
band of 100 kDa was detected, corresponding to endogenous
MuSK. A similar result is shown for C2C12 myotubes transfected
with pMuSKneuTMuSK_myc (Fig. 4, lane 3). However, in myo-
tubes transfected with pMuSKneuTneu_myc, no endogenous
MuSK was co-immunoprecipitated. Instead, only MuSKneuTneu
(120 kDa) was detected using an anti-MuSK antibody (Fig. 4, lane
4). Furthermore, because neither endogenous erbB2 nor erbB3
receptors were co-immunoprecipitated with neuneuTMuSK or
MuSKneuTneu (data not shown), the chimeric receptors primar-
ily formed homodimers. Together, these results suggested that
activation of the MuSK kinase domain was required for the
aggregation of endogenous MuSK receptors seen at ectopic
AChR clusters.

MuSKneuTMuSK induces a postsynaptic membrane
that includes a normal complement of
synaptic proteins
Rapsyn, phosphotyrosine, and utrophin each colocalized with
AChR clusters induced by MuSKneuTMuSK (data not shown).
MuSKneuTMuSK also recruited laminin-b2 (Fig. 5, lam-b2), a
synaptic component of the extracellular matrix potentially impor-
tant in the differentiation of the presynaptic nerve terminal (Por-
ter et al., 1995; Patton et al., 1997). Also present at ectopic AChR

Figure 3. A, Distribution of AChRs and MuSKneuTMuSK in injected
fibers. MuSKneuTMuSK was identified using an antibody that recognized
a C-terminal myc epitope (myc) (bottom panel ). Highly concentrated
deposits of MuSKneuTMuSK colocalized with AChR clusters (AChR).
Similarly, by using an antibody that recognized the extracellular domain
of MuSK, MuSK immunoreactivity was restricted to AChR clusters
(MuSK). B, Ectopic expression of neuneuTMuSK, which includes the
MuSK kinase domain but not the MuSK extracellular domain, recruits
endogenous MuSK and induces AChR clusters in innervated muscle
fibers. AChR clusters induced by neuneuTMuSK (AChR) colocalize with
neuneuTMuSK (myc) and endogenous MuSK (MuSK), resolved using
either anti-myc or anti-MuSK (extracellular domain) antibodies, respec-
tively. Bottom panel, Summary of receptor recognition by anti-myc and
anti-MuSK antibodies. Scale bar, 50 mm.

Figure 4. neuneuTMuSK interacts with endogenous MuSK receptors in
C2C12 myotubes. Lysates from C2C12 myotubes transfected with
pGFP-S6 alone (lane 1), pneuneuTMuSK_myc (lane 2), pMuSKneu-
TMuSK_myc (lane 3), or pMuSKneuTneu_myc (lane 4 ) were immuno-
precipitated with anti-myc antibody. Immunoprecipitated proteins were
analyzed by Western blotting by incubation with an anti-MuSK antibody
that recognized the extracellular domain of MuSK. Molecular weight
markers indicated in kilodaltons.
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clusters was the postsynaptic membrane protein b-dystroglycan
(Fig. 5, b-DG). b-Dystroglycan binds noncovalently with the
extracellular glycoprotein a-dystroglycan, and both are integral
components of the dystrophin-associated protein complex (Tins-
ley et al., 1994). In addition, both neural and muscle agrin bind
a-dystroglycan via domains not required for MuSK activation
(Gesemann et al., 1996). In muscle fibers expressing MuSKneuT-
MuSK, no accumulation of endogenous muscle agrin was seen at
MuSKneuTMuSK-induced AChR clusters (data not shown; see
also Meier et al., 1997). However, ectopic expression of chick
muscle agrin cAgrin7A0B0 resulted in deposits of cAgrin7A0B0 at
AChR clusters in neighboring pMuSKneuTMuSK_myc-injected
fibers (Fig. 5, cAgrin). Thus, additional binding sites for agrin are
present at MuSKneuTMuSK-induced AChR clusters.

We also examined whether voltage-activated Na1-channels
(NaChs) were present. Unlike the AChR channels, which aggre-
gate early in synapse formation and become localized to the crests
of the postsynaptic folds (Fertuck and Salpeter, 1976), NaChs
aggregate late in the maturation of the postsynaptic membrane
(Lupa et al., 1993), and they are concentrated in the troughs of
the postsynaptic folds (Boudier et al., 1992), suggesting that the
aggregation and localization of NaChs are regulated differ-
ently to the AChRs (Colledge and Froehner, 1998). However,
NaChs also colocalized with MuSKneuTMuSK-induced AChR
clusters (Fig. 5, NaCh). Therefore, clustering of NaChs is also
regulated by MuSK.

Activation of MuSK aggregates erbB receptors
and NRGs
We next asked whether MuSK, in the absence of neural agrin,
induced the assembly of the erbB/NRG signaling pathway. In-

deed, using an antibody specific for the mammalian AChR-e
subunit, we found that AChR clusters were of the adult AChR
subtype (Fig. 6, AChR-e) and that such AChR clusters contained
aggregates of NRGs (Fig. 6, NRG), erbB2 (Fig. 6, erbB2), and
erbB3 receptors (data not shown). To ascertain whether this was
reflected in increased gene transcription, AChR-e subunit mRNA
from the region of injected muscle expressing MuSKneuTMuSK
was quantified using a real-time RT-PCR assay. To increase the
sensitivity of this assay, we used muscles that had been co-injected
with pMuSKneuTMuSK_myc and pcAgrin7A0B0. Ectopic expres-
sion of pcAgrin7A0B0 alone did not increase AChR-e subunit
mRNA in the injected region (1.15 6 0.1, SEM; n 5 3 mus-
cles), whereas expression of pMuSKneuTMuSK_myc and
pcAgrin7A0B0 increased AChR-e subunit mRNA by up to four-
fold (3.8 6 0.3, SEM; n 5 3 muscles). The close agreement
between these results and those from similar experiments
using neural agrin (Jones et al., 1997; Meier et al., 1997; Rimer
et al., 1998) is consistent with the hypothesis that MuSKneuT-
MuSK activates AChR gene transcription by organizing the
erbB/NRG pathway.

We next sought to test this hypothesis further in cultured
C2C12 myotubes, which have proved to be a convenient and
reliable model for examining the regulation of AChR gene tran-
scription by agrin (Jones et al., 1996; Meier et al., 1998a). Initially,
we compared the transcriptional activation imparted by activation
of either the MuSK or erbB2/neu kinase domains. For this pur-
pose, an AChR-e subunit promoter reporter plasmid, pLCF216e
(Jones et al., 1996), was cotransfected with either pMuSKneuT-
neu_myc or pMuSKneuTMuSK_myc. Surprisingly, unlike in in-
nervated muscle fibers, no significant increase in luciferase activ-
ity was induced by MuSKneuTMuSK (Fig. 7, MuSK). In contrast,
MuSKneuTneu clearly activated transcription, with luciferase
activity increased approximately fivefold over that seen for
MuSKneuTMuSK or in control cultures (Fig. 7, neu).

The role of MuSK in neural agrin-induced AChR transcription
in cultured C2C12 myotubes was therefore reexamined using a

Figure 5. MuSKneuTMuSK-induced AChR clusters include a normal
complement of postsynaptic proteins. AChR clusters were identified
(AChR) and examined for the presence of laminin-b2 (lam-b2),
b-dystroglycan (b-DG), and NaCh. In muscles injected with pMuSKneuT-
MuSK and pcAgrin7A0B0 , deposits of cAgrin7A0B0 at AChR clusters were
observed (cAgrin, arrow). Scale bar, 50 mm.

Figure 6. MuSKneuTMuSK-induced AChR clusters include the
AChR-e subunit and colocalize with the erbB2 receptor tyrosine kinase
and NRGs. AChR clusters were identified (AChR) and examined for the
presence of the AChR-e subunit (AChR-e), NRGs (NRG), or erbB2
(erbB2). Scale bar, 50 mm.

3380 J. Neurosci., May 1, 1999, 19(9):3376–3383 Jones et al. • Agrin-Independent Activation and Clustering of MuSK



truncated form of neural agrin, mini-agrin cN257C21B8. In
cN257C21B8 , the N-terminal laminin-binding domain of agrin is
linked to a minimal C-terminal 21 kDa fragment that is sufficient
for MuSK phosphorylation, AChR clustering, and binding of the
putative agrin receptor (Gesemann et al., 1995, 1996; Meier et al.,
1998b). In innervated muscle fibers, cN257C21B8 induces AChR-e
subunit gene transcription as well as aggregation of NRG and
erbB2 (Meier et al., 1998b). Importantly, in contrast to full-length
neural agrin, the truncated mini-agrin lacks the N-terminal hepa-
ran sulfate glycosaminoglycan (GAG) side chains that are re-
quired for binding of NRG (Meier et al., 1998a), thus excluding
transcriptional activation independent of MuSK activation via
GAG-attached NRGs.

As with full-length agrin (Jones et al., 1997), mini-agrin
cN257C21B8 bound to a laminin substrate (Fig. 7, B8), but not
when added directly to the culture supernatant (data not shown),
increased AChR-e subunit promoter activity in a quantitatively
similar manner to MuSKneuTneu (Fig. 7, neu) or saturating
NRG (Fig. 7, NRG). The induction of transcription by mini-agrin
cN257C21B8 was abolished by the expression of a dominant neg-
ative erbB2/neu receptor (Fig. 7, B8 neu KM), which inhibits
NRG-dependent activation of intracellular pathways (Wallasch et
al., 1995). In contrast, an inactive mini-agrin isoform,
cN257C21B0, which does not induce AChR clustering, failed to
increase AChR-e subunit gene transcription (Fig. 7, B0). Thus, in
C2C12 myotubes, activated MuSK was not sufficient by itself to
activate AChR gene transcription directly. Instead, transcription
activated by MuSK required the NRG/erbB pathway, dependent
on interaction with substrate-bound agrin or a related molecule,

a condition that in innervated muscle fibers may be met by a
native basal lamina component.

DISCUSSION
MuSK kinase domain activation recruits additional
MuSK receptors
It is thought that a prerequisite for the assembly of the postsyn-
aptic muscle membrane is the formation of a MuSK scaffold
(Apel et al., 1997; Glass and Yancopoulos, 1997). The observa-
tion that MuSKneuTMuSK was not distributed evenly around the
circumference of the muscle fiber, but instead was concentrated
at AChR clusters independently of agrin, showed that the forma-
tion of such a MuSK scaffold is an activity intrinsic to active
MuSK. Previous reports have shown that the MuSK ectodomain
interacts with rapsyn (Apel et al., 1997), whereas the kinase
domain is required for phosphorylation of the AChR-b subunit
(Glass et al., 1997), and that both domains are required for AChR
clustering. In results presented here, a chimeric receptor lacking
the MuSK ectodomain, neuneuTMuSK, induced ectopic AChR
clusters by recruiting endogenous MuSK receptors. Therefore,
the primary event in the recruitment of MuSK to a developing
scaffold is the activation of the kinase domain, which, given that
these experiments were done in the extra-synaptic region of
innervated muscle fibers, precedes the formation of AChR clus-
ters. The recruitment of MuSK via a positive feedback loop might
be particularly important for the induction by neural agrin of
ectopic AChR clusters in the extra-synaptic region of innervated
muscles fibers, where MuSK expression is low but not absent (C.
Moore and H. R. Brenner, unpublished observations).

The reasons for the failure of neuneuTMuSK to induce AChR
clusters in C2C12 myotubes remain unclear. One possible reason
is that the extracellular matrix differs between cultured C2C12
myotubes and innervated muscle fibers. In addition, it should also
be remembered that direct injection of plasmid DNA is an ex-
tremely efficient method of transfecting muscle fibers. This might
be important in achieving a concentrated point source of neu-
neuTMuSK, thereby facilitating the recruitment of endogenous
MuSK receptors and the formation of AChR clusters.

The ligand-independent activation of MuSK described here is
similar to the formation of active MuSK homodimers by activat-
ing antibodies (Xie et al., 1997; Hopf and Hoch, 1998). It could
also explain the occasional small AChR clusters on a low number
of myofibers in mice deficient for agrin (Gautam et al., 1996),
arising through spontaneous association of MuSK homodimers
that in the absence of agrin would occur only with low frequency.
The formation of such foci of endogenous MuSK could be pro-
moted by the elevated level of MuSK expression in fetal and
neonatal myotubes (Valenzuela et al., 1995; Bowen et al., 1998).
It is possible that in denervated muscle, the formation of dense
patches of AChR clusters (Ko et al., 1977) is attributable to
increased levels of MuSK, which leads to the ligand-independent
formation of active homodimers.

Activation of MuSK in injected muscle fibers was sufficient to
induce localized deposits of laminin-b2. Interestingly, no accom-
panying accumulation of endogenous muscle agrin was observed.
Thus, because laminin present in the muscle basal lamina binds
agrin (Denzer et al., 1997), this indicates that laminin-b2 is
aggregated at the NMJ independently of its binding to agrin. In
the context of laminin 11 (a5b2g1), laminin-b2 is a stop signal for
motor neurons at the NMJ (Patton et al., 1997). This would
explain why, in agrin-deficient mice, innervating neurons do
sometimes stop and differentiate at sites opposing agrin-

Figure 7. MuSK does not directly increase transcription of the AChR-e
subunit gene in C2C12 myotubes. The transcriptional activity of the
MuSK and erbB2/neu kinase domains was directly compared by culturing
C2C12 myoblasts on a laminin substrate. Myoblasts were transfected with
either pLCF216e (control: con) or pLCF216e with pMuSKneuTMuSK_myc
(MuSK ) or pMuSKneuTneu_myc (neu), a chimeric receptor that included
the erbB2/neu kinase domain. The role of MuSK in AChR transcription
was investigated further by culturing C2C12 myoblasts on a substrate of
neural mini-agrin cN257C21B8 adhered to laminin (B8). The requirement
for erbB2/neu was tested by cotransfecting a dominant-negative erbB2/
neu mutant into myoblasts similarly cultured on a laminin/cN257C21B8
substrate (B8, neu KM ). Mini-agrin cN257C21B0 (B0), which does not
phosphorylate MuSK or induce AChR clustering, did not increase tran-
scription. Also shown is the transcriptional activity of a saturating amount
of soluble NRG (NRG).
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independent AChR clusters (Gautam et al., 1996), whereas in
MuSK-deficient mice neither AChR clusters nor examples of an
arborized innervating motor neuron are observed (DeChiara et
al., 1996). However, laminin-b2 is unlikely to be the only MuSK-
induced retrograde signal. The differentiation of the presynaptic
nerve terminal is also affected in rapsyn-deficient mice (Gautam
et al., 1995), despite the presence in the synaptic basal lamina of
laminin-b2 and agrin, which is also a stop signal for motor
neurons (Campagna et al., 1995).

MuSK-induced AChR clustering potentiated by
muscle agrin
Ectopic expression of a chick muscle cAgrin7A0B0 isoform facili-
tated, but was not essential for, AChR clusters induced by MuSK-
neuTMuSK. Because agrin does not directly interact with MuSK
(Glass et al., 1996), the modulation of MuSK activity by muscle
cAgrin7A0B0 must require an additional protein. This protein is
probably distinct from the putative agrin receptor, which is not
recognized by isoforms of agrin lacking amino acid inserts at the
B slice site (i.e., B0) (Gesemann et al., 1996). A strong candidate
for this role is a-dystroglycan, which binds to both neural and
muscle agrin (Bowe et al., 1994; Gee et al., 1994; Gesemann et al.,
1996). In addition, agrin binding to a-dystroglycan potentiates
agrin-induced AChR clustering (Jacobson et al., 1998). Further-
more, b-dystroglycan, which associates with a-dystroglycan and is
central to the dystrophin-associated protein complex, was concen-
trated at MuSKneuTMuSK-induced AChR clusters (Fig. 5), as it
is at the NMJ (Ervasti and Campbell, 1993).

The requirement of MuSK for synaptic
gene transcription
Drawing together results obtained from innervated muscle fibers
and cultured myotubes, it was concluded that AChR-e subunit
gene transcription, which at the NMJ occurs only from the sub-
synaptic nuclei in response to innervation (Brenner et al., 1990;
Witzemann et al., 1991), was increased indirectly by MuSK via
activation of the erbB/NRG pathway. This conclusion contrasts
with data from neonatal rapsyn knock-out mice, in which MuSK
remains accumulated and transcripts encoding AChR a- and
g-subunits are elevated, despite the absence of erbB receptors
from the postsynaptic membrane (Gautam et al., 1995; Moscoso
et al., 1995). However, high resolution in situ hybridization in
neonatal rat muscle with AChR a-subunit mRNA-specific probes
shows that in developing endplate regions, the high level of
a-subunit mRNA, unlike e-subunit mRNA, may originate from
unfused myoblasts (Brenner et al., 1990).

In summary, we have shown that activation of the MuSK kinase
domain initiates a positive feedback loop whereby additional
MuSK receptors are recruited, resulting in concentrated foci of
MuSK that then induce AChR clusters. Although this process did
not require neural agrin, inactive muscle agrin facilitated the
activity of MuSKneuTMuSK. Because this agrin isoform does
not bind the putative agrin receptor, different domains within
agrin can independently modulate the activity of MuSK. Further-
more, MuSK is likely to be important in the differentiation of the
innervating motor neuron (laminin-b2) and later events in the
maturation of the postsynaptic membrane (NaChs). Finally,
MuSK indirectly activates synaptic gene transcription at the NMJ
by assembly of the NRG/erbB pathway.
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