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common (1, 2). The response to AChE inhibitors is generally unsatisfactory with risk of
worsening symptoms, especially when starting treatment in patients with bulbar
symptoms or an impending respiratory crisis. Thymectomy, which often relieves the
symptoms of AChR seropositive MG, does not alleviate the symptoms of
MuSK-positive MG. In short-term therapy, patients with MuSK MG respond as well to
plasma exchange and intravenous immunoglobulin as those with AChR seropositive
MG. Even so, those patients whose neck and shoulder muscles are affected often
experience respiratory weakness. MG in which weakness is limited to the ocular muscle
is not frequent but does occur.

Some workers in this field are now coming to believe that MuSK MG must constitute
a distinct subclass of the disease (4, 6, 7). The reason is that many patients with MuSK
antibodies develop severe muscle weakness and eventual atrophy, which does not
frequently occur in AChR seropositive MG, and the former respond differently to
therapy than persons in the latter group. After the identification of MuSK antibodies in
an MG patient, laboratory testing is now required to confirm the diagnosis of MG, to

seek AChR antibodies and to formulate the clinical treatment.

MuSK functions in NM.J

MuSK plays multiple roles in clustering AChR during development of the
postsynaptic membranes of NMJ(12, 13). Contact of the motor-nerve growth cone with
the muscle induces a narrow, distinct endplate zone in the mid-muscle that is marked by
a high density of AChR clustering. In this step, agrin released from motoneurons
activates MuSK and redistributes AChR clusters to synaptic sites (12). However, the
direct physical interaction between MuSK and agrin has so far not been demonstrated
despite many attempts to do so (13). Thus, the mechanism(s) of MuSK activation and
the following events remain obscure, although a co-receptor of MuSK, a co-ligand of
agrin or alternative post-translational modification of either agrin or MuSK have been
postulated(13). Intriguingly, MuSK is also required for organizing a primary synaptic
scaffold to establish the post-synaptic membrane (12). Prior to muscle innervation,
AChHR clusters form at the central regions of muscle fibers, creating an endplate zone
that is somewhat broader than that in innervated muscle. Thus, MuSK is required for
pre-patterning of AChR clustering in the absence of motor innervation. However,

establishing a scenario for MuSK's participation in the process is somewhat
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complicated. For example. an clement other than agrin may activate MuSK and trigger
the postsynaptic specialization at NMJ. Simultaneously or alternatively, MuSK could
act as a primary scaffold molecule without activation. The listed plelotropic roles of
MuSK in AChR clustering at developmental NMJ could also be required for the
maintenance of mature NMJ (14-16). Studies performed /n vivo have shown that
synaptic AChRs intermingle among themselves completely over a period of ~four days
and that many extra-synaptic AChRs arc incorporated into the synapse at the mature
NMJ, although the synaptic membrane in adult muscle appears macroscopically to be
stable (17). Therefore, the mechanisms at play during AChR clustering in developing
NMJ are also required in mature NMJ where postsynaptic complexes including those
with AChR and MuSK are dynamically turning over for the maintenance of muscle

function.

Do MuSK antibodies cause myasthenia?

Multiple studies on mechanisms of synaptic transmission at the NMJ have facilitated
understanding of the pathogenic effects of antibodies to AChR that could underlie MG
(18). Effective neuromuscular transmission depends on numerous interactions between
acetylcholine and its receptor, AChR. and the failure of neuromuscular transmission
results in myasthenic weakness and fatigue. To evoke action potential for the
contraction of muscle fibers, a large enough number of AChR must be present at
postsynaptic membranes. In 1973, Fambrough and colleagues found an abnormal
decrease in the number of AChR at postsynaptic membranes of the NMJ of patients
with MG (1, 2). Others showed that AChR antibodies affect neuromuscular
transmission by three main mechanisms: (a) Complement-mediated lysis of
post-synaptic membrane by binding and activation of complement at the NMJ: (b)
accelerated degradation of AChR molecules cross-linked by antibodies (antigenic
modulartion); (¢) functional AChR block by antibodies. The predominant pathogenicity
is caused by the complement-mediated mechanisms, but all three mechanisms turn to
reduce the number of available AChR and, thereby, decrease neuromuscular
transmission between motor nerve endings and postsynaptic membranes. Therefore, an
individual nerve impulse cannot generate enough postsynaptic depolarization to achieve
the crucial firing threshold required for opening of sufficient voltage-gated sodium

channels to initiate an action potential in the muscle fiber (18),
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In contrast to the well-accepted mechanisms by which AChR antibodies function in
MG, the pathogenic role of MuSK antibodies has been unclear (19). First, no significant
loss of AChR at NMJ was observed in biopsies from biceps brachii muscles of
MuSK-positive patients with MG (20). Second, MuSK antibodies are mainly in the
[2G4 subelass, which does not activate complement (9), and complement-mediated
damage to postsynaptic membranes is considered a major source of pathogenicity in
MG patients with AChR antibodics. Third, passive transfer of MuSK serum in MG
patients cannot generate the equivalent disease in mice, Fourth, experimental animal
model induced by MuSK has not been shown. Although none of these studies seems to
support a pathogenic role for MuSK antibodies in human MG, MuSK antibodies from

MG patients have been shown to inhibit MuSK functions in virro (5).

Experimental animal model of myasthenia induce by MuSK antibodies.

The pathogenicity of AChR antibodies was shown experimentally by the
induction of muscle weakness and development of paralysis in rabbits immunized with
AChR protein purified from the electric eel (3). This AChR protein induced the
production of antibodies that cross-reacted with rabbit AChR at the NMJ. The flaccid
paralysis that followed and electrophysiological studies of these animals provided a
model that resembled the MG of humans (21). Furthermore, this EAMG could be
transferred by injecting sera from the paralyzed rabbits into naive animals, indicating
that the antibodies rather than cellular immunity caused the disease. Subsequently,
EAMG was also induced in other species by repeated inoculations with purified AChR
protein. The pathogenic nature of these antibodies from MG patients was demonstrated
by passive transfer of the IgG fraction into mice. In addition to these experimental
studies indicating the pathogenicity of AChR antibodies, clinical laboratory analyses
determined that the patients had serum antibodies that were specific for AChR.
Therefore, the next step was using MuSK antibodies to induce an EAMG model, which
was essential for proving their pathogenicity and investigating their mechanisms of
eliciting MG.

Recently we demonstrated that immunization of rabbits with MuSK ectodomain
caused myasthenic weakness and produced electromyographic findings that were
compatible with a diagnosis of MG (16), as shown by Patrick and Lindstrom. The

extracellular segment of MuSK comprised five distinet domains, i.e.. four
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immunoglobulin-like domains and one cysteine-rich region. The fusion protein
expression constructs, which consisted of mouse MuSK ectodomain with the Fc region
of human IgG1 or His-tag, were generated and transfected in COS-7 cells. The secreted
recombinant MuSK-Fc and MuSK-His proteins were purified by using protein-A
Sepharose and histidine affinity columns, respectively. New Zealand White rabbits were
then immunized with 100 to 400 mg of purified MuSK recombinant protein. After three
to four injections of MuSK protein, all of six rabbits manifested flaccid paralysis
(Figure 1A). Sera from the paretic rabbits contained a high titer of MuSK antibodies
that reacted specifically with MuSK molecules on the surfaces of C2C12 myotubes as
observed in sera from MG patients who were positive for MuSK antibodies,
Histological studies of the muscle tissues from the paretic rabbits, which had manifested
severe exhaustion, revealed alterations in muscle fibers ranging from subtle to angular
atrophy intermingled with normal muscle tissue (Figure 1B). The histological changes
typical of atrophied muscle fibers can result from MG, reduced mechanical ability or
cachexia. In repetitive clectromyograms from one of these paretic rabbits, the
retroauricular branch of facial nerve was stimulated at 20 Hz, and recordings were taken
from adjacent retroauricular muscle (Figure 1C). The compound muscle action potential
(CMAP) showed a decremental pattern, consistent with MG (Katirji). However,
injections of acetylcholine esterase inhibitor did not significantly reverse either the
CMAP defect or the paralytic symptoms. Importantly, induction of EMGA by MuSK
antibodies 1s not confined to rabbit, as others and we can also bring EMGA in mice by

injection of MuSK protein (22).

How do antibodies to MuSK cause myashtenia?

We have provided the final piece of evidence that active immunization with MuSK
protein reproduces the disease in animals (22). Next we focus on how MuSK antibodics
cause MG. The pathogenic roles of MuSK antibodies in MG have been questioned as
the number of AChRs is not reduced and complement is not deposited at the NMJ of
biceps brachii muscles MuSK-positive patients with MG (20). The mechanisms of MG
causcd by AChR antibodies are well delineated, but the revealed mechanisms are not
able to simply apply to MG with MuSK antibodies. MuSK antibodies have been
identified as predominantly 1gG4 subclass, which does not activate complement.

However binding antibodies to MuSK could accelerate degradation of MuSK molecules
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(antigenic modulation) and/or inhibit MuSK functions directly. MuSK is essential for
AChR clustering at the developing neuromuscular junction and its deficiency may lead
to the complete loss of junctional ultrastructure (12, 13), In order to reveal the
pathogenic roles of MuSK antibodies in MG, we need to know how MuSK acts at
mature NMJ. MuSK may also play important roles for the maintenance of AChR
clustering and the structure of mature NMJ,

To elucidate the mechanisms of AChR clustering at NMJ, a number of studies were
performed using cultured C2C12 myotubes. Agrin induces clustering of AChR in
C2C12 myotubes following autophosphorylation by MuSK. /n virro, this event
represents a major cascade of AChR clustering at the NMJ after innervation by
motoneurons, Laminin-1 and the N-acetylgalactosamine (GalNAc)-specific lectin Vicia
villosa agglutinin (VVA-B4) also induce AChR clustering on C2C12 myotubes, without
activarion of MuSK.. Neither the receptor nor the activation mechanisms of AChR
clustering induced by agrin-independent inducers has been identified with certainty.
However, these mechanisms may also play important roles in the formation and
maintenance of NMJ, the latter via agrin-independent pathways as shown by genctic
studies(16).

In a previous study, Hoch et al. observed that the MuSK antibodies of MG patients
inhibited agrin-induced AChR clustering in C2C12 myotubes (5). We also found that
agrin-induced clustering of AChR was strongly blocked in the presence of MuSK
antibodies, whereas absorption of the antibodies with purified MuSK products
prevented this blocking effect (16). These results showed that the MuSK antibodies
effectively inhibited the formation of agrin-induced AChR clustering. Intriguingly. the
monovalent Fab fragments of MuSK antibodics from rabbits with EAMG also inhibited
AChR clustering by agrin on C2C12 cells, indicating that complement-mediated
mechanisms are not necessarily required for such inhibition (unpublished data). We also
noted that MuSK-specific antibodies strongly inhibited AChR clustering induced by all
known agrin-independent pathways as well as by agrin itself (16).

We then examined the reduced expression of AChR at NMJ in soleus muscles of
paretic and normal rabbits by fluorescence microscopy after applying a
rhodamine-conjugated AChR agonist, a-bungarotoxin («-BTX). Using a digital camera,
size and optical densities of AChR clustering stained with rhodamine-conjugated

a-BTX were recorded by images and measured using NIH 1mage analysis software with
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unprocessed digitized NIH images (16). The areas and intensity of AChR fluorescence
in muscles of these paretic rabbits were significantly reduced compared with those in
normal rabbits. In addition, the structure of NMJ in our paretic rabbits, as well as the
size and branching of the motor terminals, were significantly reduced. Electron
microscopic observations of NMJ in rabbits with EAMG induced by injection of MuSK
protein demonstrated a significant loss of complexity of convoluted synaptic folds but
no destruction, and EAMG model cited here resembles the phenotype of humans with
MG and MuSK antibodies (Figure 2). The intricate and convoluted synaptic folds,
where the high density of voltage gated sodium channels contained in the membrane in
their depths amplify the end-plate current, thus enhancing neuromuscular transmission
and muscle contraction (23). Reduce size and branching of the moter terminals
contributes to the reduced ACh output, and reduced post-synaptic folding increases the
threshold for muscle fiber action potential generation. These structural abnormalities in
NMJ, including both pre- and post-synaptic structures, thus impair neuromuscular
transmission in the EAMG rabbits (16, 22). Intriguingly, similar abnormalities of NMJ
structure were also observed in rats with reduced expression of MuSK, as noted by
RNA interference (15), in a patient with congenital myasthenic syndromes (CMS)
caused by MuSK mutations and also in mice expressing the MuSK missense mutation
by electroporation experiments (24). MuSK knock-out mice also displayed presynaptic
defects in addition to postsynaptic ones, indicating that MuSK is required for retrograde

signals, so far unidentified, to maintain the pre-synaptic structure in mature NMJ,

Resemblance of clinical features between MuSK MG and CMS with Dok-7
mutations.

Recently a MuSK-interacting protein called Dok-7 was discovered (25) and identified
as a member of the Dok family of cytoplasmic proteins. Dok-7 is postulated to have
three main functional domains: a pleckstrin homology (PH) domain, essential for
membrane association; a phosphotyrosine-binding (PTB) domain involved in the Dok-7
induced activation of MuSK; and a large C-terminal domain containing multiple
tyrosine residues. Dok-7 knock-out mice showed marked disruption of neuromuscular
synaptogenesis that was indistinguishable from the features found in MuSK-deficient
mice. Thus, Dok-7 is essential for ncuromuscular synaptogenesis through its intcraction

with MuSK.

9
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Mutations in the Dok-7 protein cause a genetic form of limb-girdle myasthenia (CMS)
(26). Some clinical features in these patients resemble those in the severe type of MG
accompanied by MuSK antibodies (27). Proximal muscles are usually more affected
than those in distal regions, as evident in MuSK MG patients, and ptosis is often present.
Limb-muscle weakness is comparatively less severe. Previous studies showed no
reduction of AChR clustering with significant changes in NMJ of MuSK MG patients
(20), but further structural analysis of NMJ is required in muscles where severe
weakness occurs commonly. The weakness and atrophy are not observed uniformly in
muscles of these patients, although both MuSK and Dok-7 arc essential for the
formation of NMJ during the embryonic stage (25). Of course, one of the major
distinctions between acquired MuSK MG and CMS with the Dok-7 mutation is the
timing when weakness begins. The CMS patients typically have difficulty in walking
after reaching that normal motor milestone during early childhood, whereas the onset of
weakness of MG patients, in most instances, occurs in adulthood. Interestingly, AChR
clustering and post-synaptic folds are reduced with small motor terminals as observed at
NMLI in CMS with Dok-7 mutations. AChR clustering and post-synaptic folds are
reduced with small moter terminals as observed at NMJ in CMS with Dok-7 mutations
(28). The effect of Dok-7 mutations on post-synaptic structures may also be an
alteration of retrograde signaling to the pre-synaptic nerve terminals resulting in a
reduced NMJ size in these patients (Figure 2). Dok-7, along with MuSK, is also

required for the maintenance of NMJ, not only for synaptogenesis.

CONCLUSIONS

We now believe that MuSK antibodies cause MG in humans. Using an experimental
model for myasthenia revealed that MuSK antibodies mediate the pathogenesis of this
syndrome in rabbits and mice (14, 16, 22). In most cases, the symptoms take more than
three months to manifest themselves in animals. Moreover, the symptoms are somewhat
difficult to induce experimentally by passive transfer of MuSK antibodies from MG
patients into animal hosts. The mechanisms employed by these antibodies include
multiple events during which MuSK functions stall in their process of regulating
synapse formation and maintenance, MuSK antibodies against compound antigenic
determinants in the extracellular domain may engage in their pathogenic activities

through antigenic modulation and/or restraint of MuSK functions, and the consequences

10
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of these effects range from a partial to entire loss of MuSK function without the
involvement of complement-mediated damage, The point that MuSK antibodies in MG
paticents are mainly of the IgG4 subclass, which does not activate complement, may be
relevant here. These diverse possibilitics reflect the complexity of clinical features seen
in patients ranging from typical MG and throughout its many variants.

MG has long served as model for studying the pathogenesis and treatment of
generalized autormmune disease. In fact, understanding of MG’s pathogenesis has
enhanced comprehension of all synaptic functions. Now, the EAMG model with MuSK
antibodies will facilitate further progress in resolving the pathogenic basis of MG and
CMS at the molecular level and identifying beneficial treatment strategies. Additional
areas of relevance are the many physical conditions in which muscles shrink or atrophy,
as in patients with cancer or AIDS, termed cahexia, when limbs are immobilized
following injury, or cven during atrophy from aging, termed sarcopenia. Understanding
the molecular basis of NMJ maintenance promises to provide new targets for innovative

therapeutics to create healthy, enduring muscles,
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Figure 1

Rabbits manifest myasthenia gravis (MG)-like paresis after immunization with
MuSK protein. (A) Two rabbits representative of four animals with outcomes
manifested myasthenic weakness after immunizaton with the recombinant MuSK
protein. After three injections of MuSK protein, M1 and M2 rabbits manifested flaceid
weakness within three and nine weeks respectively. M2 rabbit developed severe
exhaustion with muscle weakness. (B) Cross-sections from the soleus muscles of two

paretic (M1 and M2) and a normal rabbits (Normal) were stained with H&E. Muscle

fibers in M1 paretic rabbit showed only subtle changes in shape and smallness, whereas

an atrophy of muscles fibers in M2 paretic rabbit was observed as small angular fibers
(indicated by arrows). Scale bar, 50mm. (C) Electromyograms recorded from M1
parctic rabbit. The retro-auricular branch of the facial nerve was continuously by a
constant current stumulator delivered square-wave pulses of 0.1 msce during at 20 Hz,
and the compound muscle action potential (CMAP, second peak observed on the
oscilloscope screen recorded at the indicated time-points during stimulation) shows a

decremental pattern, consistent with MG.

Figure 2. Schematic appearances of NMJs observed in normal and patients. A: Normal
NMJ. AChRs are concentrated at the peaks of abundant and well-preserved complexity
of convoluted junctional folds. B: NMJ in MG patients with AChR antibodies. The
myasthenic junction has reduced number of AChR, simplified synaptic folds, a widened
synaptic space, with a normal verve terminal. C and D: NMJ in experimental animal
model of MG induced by MuSK antibodies, CMS with MuSK or Dok-7 mutations.
Small NMJ in both pre- and post-synaptic structures. (C) Attenuation of AChR and
reduced complexity of synaptic folds at post-synaptic membrane without widened

synaptic space. (D) Disappearance of post-synaptic folds with preserved synaptic space.
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