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Abstract

Clustering of acetylcholine receptors (AChR) in muscle fibers prior to innervation by motor
neurons is thought to be involved in neuromuscular junction formation. Jing et al. now report in
Neuron that this prepatterning of AChRs, via a novel MuSK-dependent Wnt pathway, may guide
motor axons to the central region of muscle fibers for synapse formation in zebrafish.

Chemical synapses are specialized contacts between two neurons or a neuron and a
nonneuronal cell. Synapses enable neurons to build complex circuits in the brain that
underlie mental perception, thought processes, and the control of other systems in the body.
Recent years have witnessed significant advances in understanding of anatomic structures
and protein components of synapses. Less is known about the mechanism of synapse
assembly. One example of a well-studied synapse is the neuromuscular junction (NMJ), a
peripheral synapse that uses acetylcholine (ACh) as a neurotransmitter. NMJ formation
depends on interactions between motor neurons and skeletal muscle fibers. Prior to the
arrival of nerve terminals, aneural ACh receptor (AChR) clusters form in the central region
of muscle fibers, forming a band around the fibers. This phenomenon is called prepatterning
(Kummer et al., 2006). The current hypothesis of mammalian NMJ formation is that
innervation disperses aneural AChR clusters in nonsynaptic areas via muscle activity elicited
by ACh; however, in synaptic regions, this negative activity is overpowered by positive
factors delivered by motor nerve terminals to induce AChR clusters. Subsequently, AChR
becomes highly concentrated only in the membrane facing the terminal where the NMJ
forms.

One positive factor is agrin, a protein synthesized in motor neurons that stimulates AChR
clustering in vitro. Agrin binds LRP4, a member of the LDL receptor (LDLR) family, and
LRP4 binds and activates the receptor tyrosine kinase MuSK ([Kim et al., 2008] and [Zhang
et al., 2008]). Mutation of any of the three genes prevents NMJ formation in mice ([Kummer
et al., 2006] and [Weatherbee et al., 2006]). However, the phenotypes of LRP4 and MuSK
mutants are more severe than those of the agrin mutant. In particular, prepatterning of
muscle fibers disappears in LRP4 or MuSK mutants, but not in agrin mutants, suggesting the
existence of a pathway that requires MuSK and LRP4, but not agrin. An open question then
is how MuSK or LRP4 is regulated before neuronal agrin is delivered. One possibility is that
MuSK is activated by dimerization or interaction with other proteins ([Kim et al., 2008] and
[Zhang et al., 2008]). Intriguingly, however, MuSK has a cysteine-rich domain (CRD) that
shows homology to the Wnt receptor Frizzled. Like Frizzled, it interacts on the membrane
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with an LDLR family member (LRP4) ([Kim et al., 2008] and [Zhang et al., 2008]) and in
the cytosol with Dishevelled (Dvl, or Dsh in Drosophila), an adaptor protein that interacts
with Frizzled to initiate Wnt signaling (Luo et al., 2002) (Figure 1). In addition to Dvl,
adenomatous polyposis coli (APC) and p-catenin, two other key proteins in the Wnt
canonical pathway, have been implicated in AChR clustering in vitro and/or postsynaptic
and presynaptic differentiation in NMJ formation in vivo ([Li et al., 2008], [Luo et al., 2002]
and [Wang et al., 2003]). It seems possible, then, that MuSK activity is regulated by a Wnt
ligand.

In a recent issue of Neuron, Granato and colleagues (Jing et al., 2009) provide evidence that
a MuSK isoform indeed binds a Wnt ligand, at least in zebrafish. As in mice, zebrafish
myotubes adjacent to the notocord (adaxial myotubes) form aneural AChR clusters in
advance of motor axon innervation. These myotubes are soon replaced by lateral fast muscle
fibers. Subsequently, motor axons innervate fast muscle fibers at sites of aneural AChR
clusters. Earlier work of the same group showed that unplugged (the zebrafish ortholog of
MuSK) null mutants lack AChR prepatterning and show NMJ and axonal guidance defects.
They now show that the MuSK isoform SV1, which lacks the Ig domains but contains the
CRD, is the one required for prepatterning. Granato and colleagues then searched for a
MuSK ligand and noticed Wntl11r, which is expressed near the dorsal adaxial myotubes.
Remarkably, knockdown of Wnt11r reduces adaxial AChR prepatterning and causes axonal
stalling and branching, phenotypes reminiscent of MuSK/unplugged mutants, suggesting
that Wntl11r acts through MuSK/unplugged. In support of this idea, the two genes interact
both genetically and biochemically. Moreover, coexpression of Wnt11r with wild-type, but
not a CRD-deletion mutant that is unable to bind Wnt11r, is sufficient to induce ectopic
AChR prepatterning. These observations provide compelling evidence that Wnt11r, via an
interaction with the CRD of MuSK, regulates prepatterning of muscle fibers in zebrafish
(Figure 1). Recent in vitro studies show that some Wnt may regulate agrin-induced AChR
clusters ([Henriquez et al., 2008] and [Wang et al., 2008]), suggesting a role of Wnt
signaling in NMJ formation at a later stage. It is unclear whether these effects were mediated
by Wnt binding to the CRD in MuSK or Frizzled.

An equally significant finding of this paper regards the role of prepatterning in NMJ
formation. The existence of prepatterning raises the possibility that muscle fibers do not
passively wait to be innervated, but rather play an instructive role. This idea was surprising
when prepatterning was first discovered. However, the role of prepatterning in NMJ
formation has not been vigorously investigated because of the lack of mutants that
specifically disrupt aneural AChR clusters without altering neural AChR clusters or vice
versa. The authors of this paper cleverly developed ways to tease apart these two events
(Jing et al., 2009). They show that expression of a MuSK/unplugged SV1-myc transgene
completely restores the AChR prepattern but fails to induce neural AChR clusters in MuSK/
unplugged null mutants. Remarkably, knockdown of Wnt11r reduces adaxial AChR
prepattern, but has no apparent effect on neural AChR clusters, suggesting that prepatterning
may not be important for later NMJ formation. To test this idea further, the authors
generated transgenic zebrafish whose expression of MuSK/unplugged was inducible by heat
shock. They then crossed these fish into MuSK/unplugged null mutants to see whether they
were able to rescue neural AChR clusters when induced after prepatterning. Heat-shock-
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treated transgenic embryos are fully motile, suggesting functional NMJs. Morphological
characterization indicates that in vivo neural synapses can form in the absence of
prepatterned AChRs.

What is the function of prepatterning, then? Results from this paper seem to suggest a
connection to confinement or guidance of motor nerve terminals to the center of muscle
fibers, identifying a novel function of prepatterning. This connection could bring ingrowing
motor nerve terminals into spatial register with future sites of postsynaptic specialization
and thus make NMJ formation more efficient. Earlier work by Granato and colleagues
showed that axon pathway finding is normal in rapsyn zebrafish mutants that lack
prepatterned AChRs; therefore, they may not be involved in directing growth cones of motor
nerves. Thus, in zebrafish at least, aneural AChR clusters are not necessary for axon
guidance and subsequent formation of nerve-induced AChR clusters. Their role appears to
be to outline a region in the middle of muscle fibers that is important for guiding motor
nerve growth cones. Further experiments are needed to determine whether this applies to
mammalian NMJs that are larger and take longer to form.
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Figure 1. Working Models for Wnt Regulation of NM J Formation
(A) In zebrafish, prior to innervation, Wnt11r interacts with MuSK to activate Dvl-

dependent pathways necessary for forming aneural clusters and guiding motor growth cones
to the middle region of muscle fibers.

(B) In vitro studies suggest that Wnts regulate agrin-induced AChR clustering by binding to
the receptor Frizzled (Fz). They may also act by interacting with MuSK. Differentiation of
motor nerve terminals is regulated by a B-catenin-dependent pathway. Dashed lines indicate
pathways to be determined.
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