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ABSTRACT 

This dissertation explores the mechanisms imderlying synapse formation and 

maintenance. Skeletal muscle cells in culture were used as a model system in which to 

study how the distribution of synaptic molecules is regulated. On cultured myotubes, 

acetylcholine receptors (AChRs) aggregate into "clusters" either spontaneously or in 

response to various exogenous factors such as agrin. 

I report here that a soluble fragment of agrin caused the disruption of preexisting 

AChR clusters. The disrupdon occured quickly after agrin addition (2-3 h) and was 

more discernible with large clusters (>100 ̂ m^). Various experiments performed to 

examine the mechanism underlying the disruption of AChR clusters revealed the 

following. First, the dose-dependence for the disruption of large clusters was similar to 

that for the induction of small clusters (<50 nm"). Second, a non-neuronal isoform of 

agrin did not cause the disruption of clusters. Third, heparin, which inhibits agrin-

induced clustering, did not inhibit agrin-induced disruption of clusters. Fourth, agrin 

was unable to disrupt clusters that had been previously induced by laminin-1. A 

full-length, insoluble form of neuronal agrin was tested for its ability to disrupt AChR 

clusters at a distance from the site of application. This focally applied agrin caused the 

disruption of clusters that had arisen spontaneously or had been induced by soluble 

agrin, and it prevented the induction of clusters by either soluble agrin or laminin-1. 

The disruptive effect was more marked at distanes <50 jim and for clusters >50 lam'. 

Two broad classes of mechanism are proposed to explain how agrin disrupts clusters. 

Previous studies have led to the hypothesis that agrin binding to chondroitin 

sulfate chains on a-dystroglycan is required for AChR clustering. As evidence against 

this hypothesis, we observed that protease-free chondroitinase did not inhibit AChR 
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clustering and that the presence of CS did not always coincide with the presence of 

a-DG as judged from gel electrophoresis. 

Future experiments to further explore the effects of agrin on the distribution of 

synaptic molecules are proposed, and the ftmctional implications of the actions of 

agrinare discussed in the context of development. 
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CHAPTER 1 

INTRODUCTION 
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Underlying the function of the nervous system is the intricate yet precise 

network of connections by which neurons communicate. During development, growing 

nemites, led by their leading tip, the growth cone, navigate to their correct target, 

guided by a set of intrinsic rules and enviromental cues (for review, see Tessier-Lavigne 

and Goodman, 1996). They then establish connections that become refined if 

appropriate but eliminated if not The connections are mostly in the form of chemical 

synapses, highly specialized subcellular structures that transmit fast signals between 

cells in a localized area. Upon contact, pre- and postsynaptic cells interact to rapidly 

assemble the machinery required for release of neurotransmitter by the presynaptic 

terminal and reception of the same neurotransmitter on the postsynaptic membrane. 

The vertebrate neuromuscular junction (NMJ) is by far and for practical reasons the 

most widely studied synapse. It is, for one, more easily accessible than central 

synapses. Also, the electric organs of the marine ray and the eel are comprised of large 

stacks of modified NMJs, so they have provided an enriched source for the purification 

of synaptic molecules. 

A detailed description of the structural features of the NMJ is beyond the scope 

of this work; nevertheless, a few characteristics are worth noting. (General reviews on 

NMJ structure and development include Grinnell, 1995 and Hall and Sanes, 1993). At 

the presynaptic end, vesicles containing the neurotransmitter acetylcholine cluster near 

active zones, sites at which a specialized molecular scaffold orchestrates the fusion of 

vesicles with the plasma membrane in order for neurotransmitter to be released into the 

synaptic cleft. At the postsynaptic end, the sarcolemma forms 1 mm-deep folds. A high 

density of acetylcholine receptors (AChRs) at the crests of the folds directly apposes 

presynaptic active zones, whereas voltage-gated Na" channels conentrate at the depths 
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of the folds, thereby contributing to a decrease in the threshold for action potentials, and 

to an increase in the safety factor for neuromuscular transmission (Wood and Slater, 

1995; Wood and Slater, 1997). Many other molecules that are involved in NMJ 

formation and maintenance concentrate at the junction, and their expression may be 

restricted to the junction, or to domains within it These molecules include neural-cell 

adhesion molecule (N-C AM) and integrin p 1 in the postsynaptic membrane (Covault 

and Sanes, 1986; Bozyczko et al., 1989); ankyrin and dystrophin in the postsynaptic 

cytoplasm (Flucher and Daniels, 1989; Sealock et al., 1991); and s-laminin and 

acetylcholinesterase (AChE) in the basal lamina between the pre- and postsynaptic 

membranes (Hunter et al., 1989; McMahan et al., 1978). 

Because molecular structure and function are so intimately intertwined, we can 

leam about functional regulation by examining structural regulation. Consistent with 

this, a major goal in the study of synapse formation and maintenance is to determine 

how the spatial distribution of synaptic molecules is regulated. Of all the molecules 

present at the vertebrate NMJ, the AChR is the best studied in this respect. This is due 

in part to the functional importance of the neurotransmitter receptor, and also to a snake 

toxin, a-bungarotoxin, which binds the AChR with high specificity and affinity. 

Coupled to a reporter molecule, a-bungarotoxin serves as a precise tool for observing 

the distribution of AChRs on the cell surface. The distribution of AChRs at the NMJ 

undergoes marked changes during development as well as during denervation and 

subsequent reinervation; moreover, it undergoes subde changes throughout the life of an 

animal. 

Dramatic changes in molecular distribution occur upon innervation. AChR 

distribution in aneural muscle cultures is diffuse with occasional spontaneously-

occuring aggregates or clusters found randomly distributed on the cell surface. When 
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motor neurons are cocultured with muscle, fimctional contacts form between the two 

ceil types. Nerve terminals form contacts at random, with no preference for sites 

containing preexisting AChR clusters (Frank and Fischbach, 1979). Upon initial 

innervation, AChRs accumulate directly beneath the nerve terminal. Preexisting AChR 

clusters then completely disappear within approximately one or two days, and their 

formation is inhibited thereafter (Anderson and Cohen, 1977; Frank and Fischbach, 

1979; Moody-Corbett and Cohen, 1982). 

A redistribution of AChRs further occurs during synaptic competition and 

subsequent synapse elimination at the mammalian NMJ. Soon after the pioneer nerve 

terminal innervates a myo fiber, terminals belonging to other motor neurons innervate 

the same myofiber close to the pioneer nerve terminal. This multiple innervation lasts 

until about the second week posmatally (in rodents). By this time, neighboring nerve 

terminals have undergone a process of competition that culminates in the retraction of 

all but one nerve terminal (Redfem, 1970; Brown et al., 1976). Lichtman and 

colleagues observed, in vivo, that AChRs and other postsynaptic molecules disappear 

from beneath terminals that will retract before these terminals retract, suggesting a 

possible causal relation between disappearance of postsynaptic structures and 

subsequent terminal retraction (Rich and Lichtman, 1989); (Balice-Gordon and 

Lichtman, 1993; Culican et al., 1998). 

Changes in AChR distribution also occur in the adult. Following denervation of 

the mature synapse, AChR distribution in former synaptic sites can persist relatively 

unchanged for weeks (Miledi, 1960; Frank et al., 1975; Herczeg et al., 1995). Upon 

reinnervation, nerve terminals often occupy original synaptic sites. However, not all 

previous sites are reoccupied (Letinsky et al., 1976), and AChRs disappear from these 

abandoned sites at about the time that functional neuromuscular activity reappears 
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(Aframian and Grinnell, 1988; GrinneU and Do, 1991). Variations in AChR distribution 

occur likewise in normally innervated adult muscle. At the frog NMJ, synaptic 

terminals, or their branches, sprout and retract continuosly throughout life. Upon 

retracting, postsynaptic gutters remain that usually contain AChE but are devoid of 

AChR (Wemig and Herrera, 1986; Anzil et al., 1984; Krause and Wemig, 1985). 

Similar structural remodelling occurs, though less discemibly, in mammalian NMJs 

(Lichtman et al., 1987; Wigston, 1989; Wigston, 1990). The characteristics of this 

architectural remodeling vary under different conditions, e.g., age, season, and muscle 

growth, suggesting that AChR distribution may change to adapt to differing 

physiological demands (for review, see Wemig and Herrera, 1986). 

Formation of AChR clusters 

Al the adult NMJ, the density of AChRs is -ICV^m" at the crests of postsynaptic 

folds and <10Vnm* in the depths of the folds, whereas it is <10/ijm" in extrasynaptic 

membrane (Salpeter and Harris, 1983; Salpeteretal., 1988). This differential 

distribution of AChRs allows for highly efficient, focal signaling from nerve to muscle. 

How do AChRs accumulate at such high concentrations at the synapse, when their 

density is ~100/|im" over the entire plasma membrane upon initial innervation? They do 

so as a result of an upregulation in AChR density by subsynaptic nuclei (Sanes et al., 

1991; Simon et al., 1992), and the aggregation of preexisting AChRs (Anderson et al., 

1977; 2Liskind-Conhaim et al., 1984). It is now clear that nerve-derived factors are 

responsible for each of these two processes. 

Several molecules can increase the synthesis of AChR subunits in muscle cells 

by specifically increasing mRNA levels. Among these are ascorbic acid (Horovitz et 
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al., 1989; Horovitz et al., 1989), calcitonin gene-related peptide (Fontaine et al., 1987; 

Laufer and Changeux, 1987), and Acetylcholine Receptor Inducing Activity (ARIA) 

(Usdin and Fischbach, 1986; Fischbach et al., 1994; Harris et al., 1988). In each case, 

the upregulation in synthesis correlates with an increase in mRNA levels of the AChR 

a-subuniL However, although all three molecules have similar activities in vitro, only 

in the case of ARIA are the in vivo patterns of gene expression and localization 

consistent with a role in regulating AChR synthesis (for review, see Daniels, 1997). 

ARIA is a member of a family of ligands encoded by a single gene that is alternatively 

spliced (Holmes et al., 1992; Wen et al., 1992; Marchionni et al., 1993). These ligands, 

discovered independendy, include heregulin, Neu differentiation factor, and glial 

growth factors; and are collectively known as neuregulins. ARIA also causes an 

increase in mRNA levels of they, 5, and e subunits—especially the last (Martinou et al., 

1991). Because the switch from y to e subunit is sufficient for an increase in the AChR's 

half-life (Sala et al., 1997), ARIA could contribute to the accumulation of synaptic 

AChRs by lowering the degradation rate, as well as by increasing the synthesis rate, of 

the AChR. Finally, mice that are heterozygous for a deletion of a neuregulin isoform 

have many fewer synaptic AChRs than normal, demonstrating ARIA's importance in 

AChR clustering (Sandrock et al., 1997). 

As with presynaptic regulation of postsynaptic AChR synthesis, several 

molecules have been proposed as regulators of the distribution of preexisting AChRs on 

the muscle cell surface. These include growth factors, ascorbic acid, proteases, and 

extracellular matrix molecules (see Daniels, 1997 for review). Among these, agrin 

clearly instructs the aggregation of preexisting AChRs and other molecules beneath the 

nerve terminal (McMahan, 1990). Agrin, which was initially isolated from the 

extracellular matrix of Torpedo electric organ for its ability to induce AChR clustering 
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on cultured myotubes (Godfrey et al., 1984; Nitkin et al., 1987), is a heparan sulfate 

proteoglycan present in many basal laminae (Tsen et al., 1995). Encoded by one gene 

(Rupp et al., 1991), it is differentially spliced at four sites to give several isoforms 

(Ruegg et al., 1992; Tsen et al., 1995). Only one type of isoform--that containing at 

least an eight amino acid insert at the furthest C-terminus splicing site—has aggregating 

activity; its expressinon is restricted to neuronal tissues (Tsim et al., 1992; Ferns et al., 

1992; Hoch et al., 1993). The expression of agrin in motor neurons occurs at 

developmental stages that are appropriate for agrin's involvement in NMJ formation 

(Hoch et al., 1993). Addition of soluble agrin to cultured myotubes induces the 

clustering of AChRs and other synaptic molecules (Wallace, 1989). Moreover, when 

agrin application is restricted in space, AChRs aggregate only at the site of contact with 

agrin, mimicking the local aggregation induced by nerve (Campanelli et al., 1991). As 

direct evidence for the requirement for agrin in AChR clustering, antibodies to nerve-

derived agrin abolish nerve-induced clustering in coculture (Reist et al., 1992). In 

addition, muscle cells in agrin "knockout" mice have just a few, small clusters that are 

mostly not associated with nerve fibers (Gautam et al., 1996). 

Recently, work from four independent groups suggested the possibility that 

a-dystroglycan (a-DG) might be a receptor for agrin (Campanelli et al., 1994; Bowe and 

Fallon, 1995; Gee et al., 1994; Sugiyama et al., 1994). a-DG is a member of the 

dystrophin-associated glycoprotein complex found in striated muscle plasma 

membranes and implicated in the pathogenesis of muscular dystrophy (Ervasti and 

Campbell, 1991). Some observations correlate with a-DG's involvement in AChR 

clustering. For example, in nerve-muscle coculture, a-DG codistributes with AChRs at 

developing synaptic sites and spontaneously formed AChR clusters (Cohen et al., 

1995). Also, genetic variants of a muscle cell line that are defective in proteoglycan 
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synthesis and contain altered a-DG are deficient in spontaneous (Gordon et al., 1993), 

and agrin-induced (Ferns et al., 1993) AChR clustering. Agrin binding to a-DG in these 

genetic variants is also diminished (Sugiyama et al., 1994). 

Initial studies to test for the requirement of a-DG in agrin-induced clustering 

employed monoclonal antibodies and proved controversial, with results ranging among 

different laboratories from marked inhibition to no effect (Campanelli et al., 1994; Gee 

et al., 1994; Sugiyama et al.. 1994). Further studies showed evidence against a-DG's 

requirement in agrin-induced clustering. Non-neuronal agrin binds a-DG with slightly 

higher affinity than neuronal agrin (Sugiyama et al., 1994; Gesemann et al., 1996) but 

can hardly induce clustering (Ferns et al., 1993). However, excess non-neuronal agrin 

does not prevent neuronal agrin from inducing the formation of AChR clusters (Bowen 

et al., 1996). In addition, a C-terminal fragment of agrin that does not bind a-DG has 

AChR clustering activity, while a fragment that binds a-DG does not induce clustering 

(Gesemann et al., 1995; Gesemann et al., 1996; Hopf and Hoch, 1996). However, the 

extent of cluster induction is markedly reduced with agrin fragments that do not bind 

a-DG, suggesting that while a-DG may not be required for clustering, it clearly 

modulates the extent of clustering. 

Although the functional agrin receptor remains unidentified, recent work has 

demonstrated the importance of Muscle Specific Kinase (MuSK). MuSK is 

concentrated at the adult NMJ and its expression is restricted mostly to developing 

skeletal muscle (Valenzuela et al., 1995). Mice that do not express MuSK do not form 

AChR clusters or NMJs and die at birth, even though skeletal muscle development is 

relatively normal (De Chiara et al., 1996). Furthermore, primary muscle cultures from 

these "knockout" embryos do not cluster AChRs upon addition of soluble agrin (Glass 

et al., 1996). Thus, MuSK is required for AChR clustering in vivo and in vitro in 



21 

response to agrin. Some correlative observations led to the idea that MuSK activation is 

involved in the initiation of agrin-induced clustering. First, neuronal, but not "muscle" 

(non-neuronal), agrin causes tyrosine phosphorylation of MuSK within one minute 

(Glass et al., 1996), and of the p subunit of the AChR (pAChR) within 15 minutes 

(Wallace et al., 1991; Ferns et al., 1996). Second, tyrosine kinase and phosphatase 

activities are required for agrin-induced AChR clustering (Wallace, 1995; Ferns et al., 

1996), suggesting a causal link between the phosphorylation of both MuSK and pAChR 

and clustering. Third, agrin does not cause the phosphorylation of pAChR in myotubes 

from MuSK "knockout" mice (Glass et al., 1996). Direct evidence that MuSK 

activation is required for agrin's actions came from studies showing that a mutant form 

of MuSK deficient in kinase activity does not cause pAChR phosphorylation nor AChR 

clustering (Glass et al., 1997). Agrin does not bind MuSK directly, but it can be 

crosslinked with it, indicating the requirement for an accessory molecule(s) as part of 

the agrin signalling receptor (Glass et al., 1996). 

According to the currently accepted model, receptor tyrosine kinases (RTKs) are 

activated by a mechanism in which the ligand causes receptor homo- or hetero-

dimerization and trans-phosphorylation (Schlessinger and Ullrich, 1992; Heldin, 1995; 

for review, see Carter-Su et al., 1996). Such receptors can often be activated by 

antibody-induced dimerization in the absence of ligand. Indeed, activation of MuSK by 

cross-linking with antibodies is sufficient to trigger AChR clustering on myotubes (Xie 

et al., 1997; Hopf and Hoch, 1998). RTK activation often functions to trigger the 

assembly of transient protein-protein complexes. Diverse intracellular signaling 

molecules contain modules or domains that recognize phosphotyrosine in the context of 

a specific sequence of amino acids and thus serve as downstream effectors of different 

tyrosine kinases. These molecules include diverse protein kinases and phosphatases and 
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also adaptor proteins, such as Grb2 and p85, which lack any apparent enzymatic activity 

but are composed almost entirely of multiple protein-binding domains and can thus 

provide a scaffold on which signal transduction components can be assembled (for 

reviews, see Cohen et al., 1995; Pawson, 1995). 

In addition to MuSK, the 43 kD protein ElAPsyn (Receptor Associated Protein 

synaptic, or rapsyn) plays a crucial role in AChR clustering. Rapsyn is a cytoplasmic 

peripheral membrane protein that completely codistributes with AChRs in vivo 

(Froehner et al., 1981; Sealock et al., 1984), from the time these are first expressed 

embryonically (Noakes et al., 1993). It crosslinks with the AChR (Burden et al., 1983), 

and its removal from AChR-rich membranes increases the rotational mobility of AChRs 

(Barrantes et al., 1980; Rousselet et al., 1982). AChRs distribute uniformly when they 

are expressed in nonmuscle cells; however, they cocluster with rapsyn when rapsyn is 

coexpressed in Xenopus oocytes (Froehner et al., 1990) and in QT6 quail muscle 

fibroblasts (Phillips et al., 1991). Although the gross abnormalities in rapsyn 

"knockout" mice are less drastic than in mice lacking agrin or MuSK, AChRs do not 

cluster. Moreover, muscles cultured from rapsyn mutant mice do not cluster AChRs, 

even in response to saturating concentrations of agrin (Gautam et al., 1995). 

Recent evidence suggests that rapsyn plays a structural role in AChR clustering. 

Mice that lack rapsyn still cluster MuSK molecules synaptically, suggesting that the 

first step in AChR clustering is the formation of a MuSK scaffold to which AChRs and 

other molecules are recruited via rapsyn (Apel et al., 1997). The ectodomain of MuSK 

is sufficient for interacting with rapsyn, indicating the requirement for a linker protein 

in the association (Apel et al., 1997). The nature of this linker protein is mysterious, but 

a candidate is the AChR itself; a small fraction of MuSK coimmunoprecipitates with 

AChRs in C2 myotubes, and this amount increases with agrin treatment (Fuhrer et al.. 
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1997). 

Rapsyn is also required, together with the kinase domain of MuSK, for agrin-

induced pAChR phosphorylation (Glass et al., 1997; Apel et al., 1997). Given its ability 

to recruit AChRs to a MuSK scaffold, rapsyn may contribute to the phosphorylation of 

pAChR by localizing it to areas of high MuSK density. The importance of agrin-

induced phosphorylation of pAChR in AChR clustering is not well established. The 

conserved tyrosine phosphorylation site of pAChR is not necessary for rapsyn-induced 

AChR clustering in heterologous cells (Yu and Hall, 1994; Qu et al., 1996). More 

importantly, phosphorylation of pAChR is not required for agrin-induced clustering. 

AChRs with all three cytoplasmic tyrosine residues on pAChR mutated are still capable 

of clustering in response to agrin (Meyer, G., and B. G. Wallace. 1998. Keystone 

Symposia on Synapse Formation and Function. Abstract no. 306). Tyrosine 

phosphorylation of pAChR may nonetheless play a regulatory role in AChR clustering. 

MuSK does not directly phosphorylate pAChR, as indicated by the finding that 

the kinase inhibitor staurosporine blocks pAChR but not MuSK phosphorylation 

(Fuhrer et al., 1997). Staurosporine inhibits serine, threonine, and some receptor 

tyrosine kinases; and is a potent inhibitor of cytosolic tyrosine kinases including 

members of the src family (Uehara et al., 1989; Meggio, 1995). Thus, MuSK could 

activate one or more intermediate kinases in the agrin signaling pathway. Candidates 

are tyrosine kinases of the src family-src, fyn, or fyk~ that associate with the AChR in 

electric organ and C2 myotubes (Swope and Huganir, 1994; Fuhrer and Hall, 1996). 

The mechanism by which AChR clusters form spontaneously in culture is not 

well understood, but it is suspected to be similar to the mechanism associated with 

agrin, or neurite-induced clustering. The findings described above on how MuSK and 

rapsyn may participate in AChR clustering are consistent with there being one 
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underlying mechanism. MuSK molecules that are freely mobile on the surface of 

muscle cells in aneural cultures could randomly collide, transactivate, and consequently 

become less mobile. Other MuSK molecules could then fall into this "phosphorylation" 

trap, thereby forming a MuSK primary scaffold to which AChRs could attach via 

rapsyn (H. Gordon, personal communication). 

In conclusion, a plausible pathway for nerve-induced AChR clustering involves 

agrin as the signal, MuSK as the signaling component of a receptor complex, and 

rapsyn as part of the linkage to the AChR. Recent studies indicate that agrin plays an 

instructive role not only in AChR clustering, but also in the formation of the NMJ as a 

whole. Agrin causes the clustering in cultured myotubes of many molecules other than 

agrin, e.g., AChE, laminin, and ARIA (for review, see Bowe and Fallon, 1995). 

Moreover, McMahan and colleagues recently reported that transfecting agrin into 

ectopic regions of denervated muscle in vivo is sufficient for inducing structural 

changes characteristic of the adult postsynaptic specialization, including an 

accumulation of AChRs, MuSK, and myonuclei, plasma membrane infoldings, and a 

switch from embryonic to adult-type AChRs. As diey suggest, causing the AChR-type 

switch may be an indirect effect of agrin, as ARIA and the erbB 2 and 3 receptors also 

accumulate at these ectopic postsynaptic sites (Rimer et al., 1996; Rimer et al., 1997). 

Furthermore, Brenner and colleagues reported that ectopic agrin causes the same and 

additional changes even in innervated muscle fibers in vivo, indicating that agrin's 

instructive actions are resistant to neuromuscular activity (Jones et al., 1997; Meier et 

al., 1997). 
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Disruption of AChR clusters 

In addition to causing a localized accumulation of AChRs beneath the nerve 

terminal, innervation inhibits the formation and survival of AChR clusters 

extrajunctionally (Anderson and Cohen, 1977; Frank and Fischbach, 1979; Moody-

Corbett and Cohen, 1982; Kuromi and Kidokoro, 1984). As with the accumulation of 

AChRs beneath the nerve terminal, the disappearance of extrajunctional clusters may 

result from 1) a redistribution of preexisting AChRs or 2) changes in the rates of 

synthesis or degradation of AChR mRNA or protein. Evidence for the latter possibility 

is strong. 

Upon functional innervation, extrajunctional nuclei cease transcription of 

mRNAs for the AChR subunits (Merlie and Sanes, 1985; Fontaine and Changeux, 1989; 

Sanes et al., 1991; Simon et al., 1992). This nerve-induced effect is reversible, as 

denervation causes all nuclei to increase transcription of mRNAs for AChR subunits 

(Goldman et al., 1988; Tsay and Schmidt, 1989; Witzemann et al., 1991). Electrical 

activity in muscle fibers contributes to the suppression in AChR mRNA levels. 

Blocking neuromuscular activity with different neurotoxins causes effects similar to 

denervation (Witzemann et al., 1991), whereas direct electrical stimulation of 

denervated muscle inhibits the upregulation of extrajunctional AChRs (Goldman et al., 

1988; Chahine et al., 1992; Lomo and Westgaard, 1975). Signaling events in the 

activity-mediated effect require extracellular Ca^ (Bimbaum et al., 1980; Rotzler et al., 

1991). In chick, Ca** influx causes PKC activation and suppression of the expression 

of the myogenic transformation factors, which control AChR mRNA expression (Huang 

et al., 1992; Klarsfeld et al., 1989; Eftimie et al., 1991; Piette et al., 1992; Witzemann 

and Sackmann, 1991), whereas in rat, Ca** influx works via a cAMP-dependent 
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mechanism (Chahine et ai., 1993; Waike et al., 1994). 

Other mechanisms may also contribute to the elimination and inhibition of 

AChR clusters extrajunctionally or perijunctionally or both. Consistent with this, 

neurites in culture cause the disruption of extrasynaptic AChR clusters even in the 

presence of agents that block pre- or postsynaptic activity or both (Anderson and 

Cohen, 1977; Frank and Fischbach, 1979; Moody-Corbett and Cohen, 1982; Kuromi 

and Kidokoro, 1984; Davey and Cohen, 1986). In addition, the distribution of AChRs 

within the NMJ has a sharp boundary that cannot be attributed simply to nuclear 

regulation of the AChR. However, the nature of any alternative mechanisms remains a 

mystery. 

Hvpothesis: Agrin disrupts preexisting AChR-clusters. 

Several studies hint at the idea that agrin could contribute to the disruption, as 

well as to the formation, of AChR clusters. First, when Xenopus motor neurons are 

cultured for a few days, dien removed, the culture dishes contain former neuritic 

pathways, many of which exhibit strong agrin-immunoreactivity. If myotubes are then 

grown on these dishes, AChR clusters form along areas of contact between myotube 

and former neuritic pathways that contain agrin staining but are absent from the rest of 

the cell's surface. In contrast, myotubes that do not contact former neuritic pathways 

containing agrin-immunoreaciivity often exhibit several, randomly-distributed AChR 

clusters (Cohen et al., 1994; Cohen et al., 1995). Second, myotubes can cluster AChRs 

at sites of contact with latex beads coated with basic polypeptide molecules (Peng and 

Cheng, 1982; Peng and Phelan, 1984; Peng et al., 1981). This bead-induced clustering 

is accompanied by the disruption of clusters situated away from sites of contact (Peng, 
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1986; Champaneria et al., 1992), and where investigated, the same signal transduction 

events associated with agrin-induced AChR clustering occur with bead-induced 

clustering (Baker and Peng, 1993). Third, Daggett et al. (Daggett et al., 1996) and 

Cohen et al. (Cohen et al., 1997) observed, albeit qualitatively, that agrin can inhibit the 

formation or survival, or both, of spontaneously occuring AChR clusters on cultures of 

Xenopus myotomal muscle. 

The major objective of this dissertation is to test whether agrin can cause AChR 

cluster disruption, and if so, to determine the mechanisms underlying this effect To 

this end, I followed a reductionist approach, using cultured muscle as a model system. 

When myotubes of the C2 skeletal-muscle cell line are cocultured with motor neurons, 

they cluster AChRs at sites of innervation. In the absence of neurons, C2 myotubes 

form clusters spontaneously, and the frequency at which these occur can be increased 

by several factors, including neuronal agrin. Spontaneously-occuring clusters contain 

not only AChRs but other molecules that are normally concentrated at the adult NMJ in 

vivo. In Chapter Two, I examine the effects of a soluble form of agrin on AChR 

distribution under various conditions. In Chapter Three, I test the ability of focally-

applied agrin to inhibit the survival and formation of AChR clusters situated at a 

distance. In Chapter Four, I study the possible involvement of a-dystroglycan in the 

mechanisms underlying agrin's effects. Finally, in Chapter Five, I discuss the relevance 

of my findings as they pertain to synaptogenesis and synaptic plasticity, and I offer 

ideas for future, applicable experiments. 
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CHAPTER 2 

Agrin Rapidly Disrupts Preexisting Clusters of 

Acetylcholine Receptors on C2 Myotubes 
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ABSTRACT 

Innervation at the neuromuscular junction (NMJ) causes the elimination of 

preexisting acetylcholine receptor (AChR) clusters found extrajunctionally. In an effort 

to determine the mechanism underlying this effect, we tested the ability of neuronal 

agrin to disrupt preexisting AChR clusters on cultured C2 myotubes. At 2-3 h after 

addition, a C-terminal, recombinant fragment of neuronal agrin (C-Agy4 ^g) caused a 

significant reduction in the frequency of large AChR clusters (>100 jun^) in a dose-

dependent manner. This effect was not inhibited by heparin and did not occur in 

response to a recombinant, C-terminal fragment of nonneuronal agrin (C-Agyoj^). Also, 

laminin induced the formation of AChR clusters that were resistant to disruption by 

agrin. We propose two broad classes of mechanism by which agrin could disrupt large 

preexisting AChR clusters: a passive competition for limiting resources in a dynamic 

system or an active process initiated by agrin. Our results suggest that agrin may 

mediate synapse formation and synaptic remodelling by clustering molecules locally as 

well as by inhibiting clusters at a distance. 
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INTRODUCTION 

The formation of the NMJ is characterized by dramatic changes in the 

distribution of AChRs, both at the site of nerve-muscle contact, and elsewhere. Before 

innervation, spontaneously-occuring clusters of AChRs and other synaptic molecules 

form randomly over the cell surface. Innervation causes the disruption of these 

preexisting clusters and further inhibits their formation, while it induces the 

accumulation of a high density of postsynaptic molecules benath the nerve terminal 

(Anderson and Cohen, 1977; Frank and Fischbach, 1979; Moody-Corbett and Cohen, 

1982; Kuromi and Kidokoro, 1984; Peng and Dai, 1998). Whereas the nerve-induced 

accumulation of AChRs has been well-studied, the mechanisms underlying the 

disruption of clusters remain less understood (for review, see Hall and Sanes, 1993). 

Strong evidence demonsu-ates an instructive role for the motor neuronal factor 

agrin in clustering at the NMJ. Agrin, a heparan sulfate proteoglycan present in many 

basal laminae (Tsen et al., 1995), is encoded by one gene that is differentially spliced at 

four sites (Rupp et al., 1991; Ruegg et al., 1992; Tsen et al., 1995). Neuronal isoforms 

are potent inducers of AChR clustering, whereas nonneuronal isoforms have little, if 

any, clustering acitivity (Ruegg et al., 1992; Tsim et al., 1992; Ferns et al., 1992; Ferns 

et al., 1993). As direct evidence for agrin's requirement in AChR clustering, Gautam et 

al. (Gautam et al., 1996) showed that muscle cells in mice deficient in agrin have just a 

few, small clusters that are mosdy not associated with nerve processes. 

The disruption of extrajunctional clusters, on the other hand, can be attributed at 

least in part to activity through the AChR. Innervation causes the downregulation of 

AChR mRNA by extrajunctional nuclei (Fontaine and Changeux, 1989; Merlie and 

Sanes, 1985; Sanes et al., 1991; Simon et al., 1992). Electrically stimulating denervated 
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muscle mimicks this effect, whereas blocking neuromuscular activity with different 

neurotoxins prevents it (Goldman et al., 1988; Witzemarm et al., 1991). However, 

neurites in cultiu^ can cause the disruption of extrasynaptic AChR clusters even in the 

presence of agents that block pre- or postsynaptic activity, suggesting that activity-

independent mechanisms can contribute as well to cluster disruption (Anderson and 

Cohen, 1977; Frank and Fischbach, 1979; Moody-Corbett and Cohen, 1982; Kuromi 

and Kidokoro, 1984; Davey and Cohen, 1986). 

Several studies hint at the idea that agrin could contribute to the disruption of 

AChR clusters. First, when Xenopus motor neurons are cultured for a few days, then 

removed, the culture dishes contain fomer neuritic pathways that exhibit sux)ng agrin-

immunoreactivity. If muscle cells then grow on these dishes, AChR clusters form along 

areas of contact between muscle cells and former neuritic pathways but are absent from 

the rest of the cell's surface. By contrast, myotubes that do not contact the former 

neuritic pathways normally exhibit several, randomly-distributed AChR clusters (Cohen 

et al., 1995). Second, muscle cells treated with latex beads coated with basic 

polypeptide molecules lose clusters situated away from sites of contact even while they 

cluster AChRs at sites of bead contact (Peng, 1986; Dai and Peng, 1998). Third, 

Daggett et al (1996) and Cohen et al. (1997) observed, albeit qualitatively, that agrin 

can inhibit the survival of spontaneously occuring AChR clusters in cultures of 

Xenopus myotomal muscle. 

Here, we expand on previous work and show that agrin causes the disruption of 

AChR clusters on myotubes of the C2C12 cell line. Our results suggest that agrin could 

mediate synaptic remodelling by inducing molecular aggregation locally while 

disrupting postsynaptic assemblies globally. 
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Some of the findings were reported in abstract form (Schroeder and Gordon, 

1997). 
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MATERIALS AND METHODS 

Materials 

Recombinant rat agrin was a generous gift from Dr. M. Ferns (McGill 

University) and was collected from the conditioned medium of COS cells transiently 

expressing a COOH-terminal fragment of agrin (Ferns et al., 1993). Laminin-I (derived 

from EHS tumors), heparin, staurosporine, and sodium orthovanadate were purchased 

from Sigma Chemical Co. (St. Louis, MO). Sodium pervanadate was prepared 

according to Wallace (Wallace, 1995). Herbimycin A was purchased from Gibco BRL. 

Polyclonal anti-laminin antibody was purchased from EY Labs, Inc. (San Mateo, CA), 

and secondary antibody was purchased from Cappel Research Products (West Chester, 

PA). 

Cell Cultyre 

Cells from the mouse skeletal muscle cell line C2C12 were cultured as described 

previously (Gordon and Hall, 1989). Myoblasts were plated on 22-mm-square or 

12-mm-round glass coverslips and grown in DMEM (Gibco BRL) containing 20% fetal 

bovine serum (Gemini Bio-Products, Calabasas, CA), 0.5% chick embryo extract 

(Gibco BRL), and 100 U/ml penicillin. Once the cells had reached confluence, the 

growth medium was replaced with DMEM containing 2% horse serum (Gibco BRL) 

and 100 U/ml penicillin to induce myotube differentiation. Cells were allowed to 

differentiate for 36-72 h. 
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Fluorescent staining 

Rhodamine (Molecular Probes, Eugene, OR) was conjugated to a-bungarotoxin 

(Sigma Chemical Co.,St. Louis, MO) according to the method of Ravdin and Axelrod 

(Ravdin and Axelrod, 1977). To visualize AChR distribution, live cells were incubated 

with rhodamine-conjugated a-bungarotoxin (R-BTX) for 30 minutes at 37°C. Cells 

were then rinsed three times with phospate-buffered saline (PBS, pH 7.2), fixed with 

2% paraformaldehyde for 10 minutes at room temperature, rinsed three times with PBS, 

and postfixed for five minutes with methanol at -20°C. Cells were then mounted onto 

glass slides in glycerol containing p-phenylenediamine (Johnson and Nogueira Araujo, 

1981). To visualize laminin, cells were processed as above, but after fixing, they were 

blocked for 1 h with PBS containing 5% bovine serum albumin, then incubated with 

primary antibody in block solution for 1 h at room temperature, rinsed with PBS, and 

further incubated with tluorescein-conjugated secondary antibody for 30 minutes. 

Quantitation of AChR-cluster number and size 

Images were obtained by following either of two methods. In method A, 35-mm 

negatives of images obtained using a 40x oil-immersion objective were scanned using a 

Nikon LS-1000 high-resolution scanner. In Method B, images were obtained on a Zeiss 

Axiovert microscope using a 25x oil-immersion objective. Micrographs were recorded 

as digital images on a SenSys cooled HCCD camera (Photometries, Tucson A20 and 

imported using IP Laboratories Spectrum for Macintosh. 

Files were saved as TIFF format and imported into NIH Image (version 1.61). 

Cluster areas were determined semi-automatically. Each cluster was individually 
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selected using "Density Slice" under the Options menu and completely filled. The area 

of each selected particle was subsequently determined automatically. Clusters <3 jim", 

which were not easily resolved, and out-of-focus clusters were not measured. Area 

measurements were imported for analysis into Excel and Deltagraph. 

Preliminary experiments were performed to determine the approximate 

minimum size of the large clusters which were sensistive to disruption by agrin. 

Whereas in some experiments a significant decrease was seen in the number of clusters 

>50 ^ull^ this result was inconsistent among experiments- Consistent results were 

obtained, however, when the cut-off number was 100 |ira^. Thus, clusters >100 jim* 

were classified as large. Other clusters were classified as small (<50 |im^), or medium 

(50-100 jim^). For each treatment within a given experiaient, 12 fields were analyzed 

from each of two 22-mm-sq. glass coverslips, or nine fields were analyzed from each of 

three 12-mm-round glass coverslips. Each experiment was repeated at least three times, 

and representative experiments are shown in the Results section. 

Statistical Analvsis 

Distributions of number of AChR clusters per field of view were normal when 

all cluster sizes were considered. However, when only small, medium, or large clusters 

were considered, the frequency distributions were often positively skewed. These 

distributions were normalized by taking the square root of the data to allow for 

ANOVA. Where ANOVA yielded statistically significant differences between or 

among considered variables, posthoc ANOVA tests were done to determine differences 

between particular means. Significant posthoc differences were determined after 

Bonferroni adjustments. 
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RESULTS 

Aerin ranidlv induces small AChR clusters and disrupts large, preexisting AChR 

clusters 

At the developing NMJ, small clusters of AChRs appear beneath ±e nerve 

terminal that subsequently transform into fewer, but larger and denser "plaques" 

(Anderson and Cohen, 1977; Steinbach, 1981). Soluble, neuronal agrin mimics this 

effect in cultured myotubes. In chick myotubes, AChR clusters appear within 2-4 h of 

agrin treatment These early clusters are decidedly smaller than some that occur 

spontaneously in untreated cultures. The frequency of these tiny clusters increases at 

first, but at later times, it decreases concomitant with an increase in the frequency of 

larger clusters (Wallace, 1988). Ferns et al. (1996) qualitatively noted similar changes 

in cluster size and frequency on C2 myotubes. 

We analyzed the size distribution of AChR clusters on untreated C2 myombes 

by labeling AChRs with R-BTX and measuring the areas of the AChR clusters. As can 

be appreciated in Fig. 1 A, AChR clusters in untreated cultures exhibited a wide range in 

size. Detailed size histograms showed a continuous distribution, with cluster area 

ranging from <25 |im" to >300 ixm*. The distribution was, moreover, positively skewed, 

with cluster areas <25 nm* predominating, and the number of clusters decreasing as a 

function of cluster size (Fig. IB). 

We then treated myotubes with ~5 nM of a C-terminal fragment of rat neuronal 

agrin (C-Agy4^; referred to as agrin hereon, unless otherwise specified; Ferns et al., 

1993) for different times. Consistent with previous findings, we observed an increase in 

the number of AChR clusters at early times (1-4 h) as well as at >8 h after addition of 
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Figure 2.1 A Variation in the size of spontaneously-occuring AChR clusters on C2 

myotubes. Myotube cultures were stained with R-BTX to reveal the distribution of 

AChRs. A representative image illustrating examples of "small" (33 "medium" 

(57 ^un^), and "large" (230 nm^) AChR clusters. Scale bar, 20 pm. 
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Figure 2. IB Variation in the size of spontaneously-occuring AChR clusters on 

C2 myotubes. Myotube cultures were stained with R-BTX to reveal the 

distribution of AChRs. Size-distribution histogram of the total number of AChR 

clusters (n = 936) observed on 24 fields of view, each -125 mm , taken from two 

cultures. Values are shown as percentage of total. 
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agrin. Moreover, clusters at the early times appeared for the most part much smaller 

than their control counterparts (Fig. 2). Quantiative analysis of cluster size (Fig. 3A) 

demonstrated that at early times after addition, agrin caused an increase in the frequency 

of small clusters (<50 tim"), without significantly affecting the frequency of medium-

sized clusters (50-100 fim"). In addition, the frequency of large clusters (>1(X) nm") 

significantly decreased 2-3 h after agrin addition. By contrast, at later times (8-24 h), 

the frequency of small clusters decreased but remained higher than in control, while the 

frequency of medium-sized clusters increased over control, and the frequency of large 

clusters increased to levels comparable to control levels. Thus, in addition to inducing 

the formation of small AChR clusters that then grow in size, agrin can also cause a 

relatively rapid disruption of large, preexisting clusters. 

To investigate the phenomenon of cluster disruption more closely, we focused 

on the 3 h time-point, when the disruption of large clusters was most pronounced. Fig. 

3B shows a detailed histogram of the size distribution of AChR clusters, using the same 

data as for Fig. 3 A for the 3 h time-point. The number of clusters <25 nm^ clearly 

increased in response to agrin, whereas a decrease in the number of clusters was 

apparent at sizes 25-50 jim^ and became more pronounced at larger sizes. To further 

characterize the disruption process, we measured cluster disruption in response to 

different concentrations of agrin. The reduction in the frequency of large clusters was 

significant at concentrations >500 pM. Similarly, a significant increase in the frequency 

of small clusters occured at ^0 pM, indicating that agrin-induced formation and 

disruption of AChR clusters have a similar dose-dependence (Fig. 4). 
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Figure 2.2 Effect of agrin on the size and number of AChR clusters over time. 

Myotubes were incubated with supernatant from COS cells transfected with cDNA 

encoding agrin. The final agrin concentration was ~5 nM. Control cultures were 

incubated with supernatant from sham-transfected COS cells. Parallel experimental and 

control cultures were stained for AChRs and fixed at 1, 2, 3, 8, or 18 h after treatment 

with COS-cell supernatant Scale bar, 20 nm. 
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Figure 2.3A Quantitation of agrin's effect on the size and number of AChR clusters 

over time. Myotubes were incubated for different times with ~5 nM agrin (symbols) or 

supernatant from sham-transfected COS cells (no symbols). Values represent the mean 

number of small, medium, or large clusters ± SEM from 24 fields (each field ~125 mm* 

) taken from two cultures. Asterisks denote significant differences between 

experimental and control groups (three-way ANOVA (time x condition x cluster size); 

* p<0.05; **,p<0.01). 
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Figure 2.3B Quantitation of agrin's effect on the size and number of 

AChR clusters over time. A detailed histogram using the same data as for 

the 3 h time-point in Fig. 3A, to show the size distribution of all AChR 

clusters in untreated (filled; n = 992) and agrin-treated (blank; n = 2676) 

cultures. 
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Figure 2.4 Effect of agrin concentration on the frequency of small and large 

preexisting AChR clusters. Myotubes were treated with agrin at various 

concentrations for 3 h. Values represent the mean number of small cluster 

(<50 fim^; circles) or large clusters (>I00 |im^; triangles) ± SEM per field (each field 

90 mm ; n = 24). Asterisks denote significant differences from control (two-way 

ANOVA (concentration x size); *, p< 0.05, **, p< 0.01). 
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C-A^rinvO.zO does not disrupt preexisting AChR clusters 

Agrin is alternatively spliced to give several different isoforms (Rupp et al., 

1991;Rueggetal., 1992;Tsenetal., 1995). The most potent AChR-aggregating 

isoforms contain inserts at the y and z splicing sites and are restricted to neuronal tissue; 

conversely, isoforms lacking inserts at these sites have very reduced or no aggregating 

activity and are expressed by nonneuronal cells, including muscle (for review, see Bowe 

and Fallon, 1995). We tested the requirement for the 4 and 8 amino acid inserts at the y 

and z splicing sites, respectively, in the disruption process. As shown in Fig. 5, C-

Agyojo added for 3 h at a high concentration (-500 pM) was unable to cause a decrease 

in the frequency of large AChR clusters, in contrast to the marked decrease caused by 

addition of C-Ag^^^g at the same concenu^ation. Thus, C-Agy^^ is inactive in causing 

either the disruption or the induction of clusters. 

Heparin does not inhibit the disruption of AChR clusters induced bv aerin 

Heparin potently inhibits agrin-induced AChR clustering (Hirano and Kidokoro, 

1989; Wallace, 1990; Saiio et al., 1993; Hopf and Hoch, 1997). In an attempt to 

determine whether agrin causes cluster disruption through a signaling pathway different 

than that associated with cluster induction, we tested agrin's ability to disrupt clusters in 

the presence of heparin. When ~5 nM agrin was added for 3 h to cultures, the 

frequency of large AChR clusters decreased as expected (one-way ANOVA; p < 0.005). 

Heparin (1 mg/ml) did not abolish this disruptive effect by agrin (p = 0.17; Fig. 6). 

We also attempted to test the effects of tyrosine kinase and phosphatase 

inhibitors on agrin-induced disruption of AChR clusters. Studies using such inhibitors 
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Figure 2.5 Effect of C-Agrin^Q on the frequency of large AChR clusters. 

Myotubes were treated with ~5 nM C-Ag^^ or C-Ag^^ or supernatant from 

sham-transfected COS cells (control) for 3 h. Values represent the mean number 

of clusters >100 |im^ ±SEM per field (each field 90 mm^; n = 24). Asterisk 

denotes a significant difference from conu-ol (one-way ANOVA; p < 0.01). 
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Figure 2.6 Effect of heparin on agrin-induced disruption of AChR clusters. 

Agrin (~5 nM) was added to myotubes in the presence or absence of heparin 

(Img/ml) for 3 h. Controls were treated with supernatant from sham-transfected 

COS cells. Values represent the mean number of clusters >100 |im ±SEM per 

field (each field 90 |im^; n = 24). 
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on chick, C2, and Xenopus muscle cells indicate that an interplay between kinase and 

phosphatase activities is required for agrin- or bead-induced clustering, and where 

observed, the inhibitors do not significantly affect spontaneously formed AChR clusters 

(Wallace, 1994; Ferns et al., 1996; Peng et al., 1991; Peng and Dai, 1998). By contrast, 

the kinase inhibitors staurosporine and herbimycin A and the phosphatase inhibitor 

pervanadate extensively disrupted spontaneous AChR clusters, even at the lowest 

concentrations reportedly required for observing the inhibition of agrin-induced 

clustering (data not shown). Although these results prevented us from testing a 

requirement for tyrosine kinase and phosphatase activities in the disruption process, 

they indicated the importance of these activities for the maintenance of spontaneous 

AChR clusters on C2 myotubes. 

Laminin-induced AChR clusters are resistant to disruption bv agrin 

Laminin can induce AChR clusters in cultured muscle (Vogel et al., 1983). 

Although the mechanism responsible for this effect is not clear, recent studies suggest 

that laminin is involved in the growth or stabilization of clusters or both (Sugiyama et 

al., 1997; Montanaro et al., 1998). To further test this idea and to identify what the 

clusters are stabilized against, we examined agrin's ability to disrupt laminin-induced 

AChR clusters- We added -120 nM laminin-1 to myotube cultures for 18 h; rinsed the 

cultures extensively; and subsequendy incubated them for 3 h in the presence or 

absence of -500 pM agrin. The high concentration of laminin used was reported 

elsewhere to induce clustering maximally (Sugiyama et al., 1997). In agreement with 

previous work (Sugiyama et al., 1997; Montanaro et al., 1998), laminin increased the 

frequency of AChR clusters, and the clusters were characteristically large and linear; 
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this was reflected, in part, by ~2-fold increase in the frequency of clusters that were 

>100 ^tra^ (one-way ANOVA; p < 0.001; Fig. 7). Removal of laminin from the medium 

for 3 h after 18 h of treatment did not affect the frequency of large clusters (p = 0.55), 

suggesting that laminin-induced AChR clusters are, at least over this time period, stable. 

More importantly, the frequency of large clusters was unaffected even after adding 

-500 pM agrin for 3 h upon removal of laminin from the medium (p = 0.58), whereas 

the cluster frequency decreased in response to agrin alone for 3 h (p < 0.001), 

indicating that laminin-induced AChR clusters show resistance to agrin-induced 

disruption (Fig. 7). 
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Figure 2.7 Effect of agrin on large, laminin-induced AChR clusters. 

Myotubes were incubated in the presence or absence of -120 nM 

laminin-1 for 18 h, rinsed, and incubated in the presence or absence of 

~500 pM agrin for an additional 3 h. Alternatively, cultures were 

treated with laminin for 21 h. Values represent the mean number of 

clusters >100 |im^ ± SEM (each field 90 mm^; n = 24). 
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DISCUSSION 

Upon iiinervation at the NMJ, AChRs accumulate directly beneath the nascent 

nerve terminal, and preexisting AChR clusters disappear from extrajunctional regions. 

How innervation causes the local aggregation of AChRs has been extensively 

examined, but the mechanisms underlying the global disruption of AChR clusters 

remain less understood (see Hall and Sanes, 1993 for review). Here, we tested the 

ability of the motor neuronal factor agrin to disrupt preexisting AChR clusters on 

cultured, skeletal myotubes of the C2 cell line. That agrin had a disruptive effect was 

reflected in a marked decrease in the frequency of large clusters at early times after 

agrin addition. Because agrin also induced new clusters, we could easily discern the 

disruption only of large clusters. Small and medium-sized clusters may nevertheless 

have become disrupted as well. In contrast to our results, analysis of AChR-cluster size 

in chick myotubes as a function of time after agrin addition did not reveal a significant 

drop in the number of large clusters in a previuos study (Wallace, 1988). We suspect 

that this difference is due to the high basal level of spontaneous AChR clusters in our 

C2 myotubes compared to the very low levels in the chick preparations. Our 

observations, thus, provide the fu-st quantitative assessment of agrin's disruptive effect 

on preexisting AChR clusters. 

Two broad classes of mechanism could account for agrin's disruption of large, 

preexisting AChR clusters. One model, the "single-pathway" model (Fig. 8B), makes 

two assumptions: that clusters exist in a dynamic equilibrium, with the net number of 

molecules entering and leaving a cluster being equal; and that limiting factors on the 

cell surface or cytoplasm exist that are required for the formation or maintenance of a 

cluster. In this single pathway scenario, agrin, by enhancing the recruitment of 
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Figure 2.8 Two models for how agrin could disrupt pre-existing AChR clusters. 

(A) Agrin activates a novel pathway that leads to cluster disruption. (B) Agrin does not 

activate a novel pathway. Instead, agrin-induced clusters have a competitive advantage 

over spontaneous clusters in a passive competition for limiting resources. 



A. Two Pathway 

B. Single Pathway 
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molecules into new clusters, would passively compete limiting factors out of preexisting 

clusters. Poo and Young (1990) proposed a similar passive mechanism as being 

sufficient for mediating synaptic competition. Although no direct evidence exists today 

for the presence of limiting, stabilizing factors. Muscle Specific Kinase (MuSK) would 

clearly be a candidate. MuSK is implicated in the early signaling events of agrin-

induced clustering (Glass et al., 1996; Glass et al., 1997), and agrin's signaling receptor, 

which is thought to be a molecular complex including MuSK (Glass et al., 1996), is of 

high affinity and low abundance (Bowen et al., 1996). Alternatively, in the "two-

pathway" model of cluster disruption, the pathway associated with agrin-induced 

clustering (see Ruegg and Bixby, 1998) for review) would diverge at some point to 

actively disrupt clusters, whether limiting factors exist (Fig. 8 A). Whereas in this case 

cluster disruption and induction occur independently of each other, the extent of 

disruption could nevertheless affect the extent of induction if limiting factors existed. 

Also, the "active" and "passive" models for cluster disruption need not be mutually 

exclusive. 

We attempted to distinguish between a passive competition for limiting 

resources and an active mechanism of disruption by trying to separate cluster induction 

from disruption. Two results did not eliminate a passive model although they were not 

inconsistent with an active model of disruption. First, the extent of both formation of 

small clusters and disruption of large clusters increased similarly with increasing agrin 

concentrations. Second, C-Agyo^, which has very low clustering activity on C2 

myotubes (Ferns et al., 1992; Ferns et al., 1993), was similarly inactive in disrupting 

large AChR clusters. On the other hand, heparin, which potently inhibits agrin-induced 

clustering (Hirano and Kidokoro, 1989; Wallace, 1990; Saito et al., 1993; Hopf and 
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Hoch, 1997), did not significantly inhibit agrin-induced disruption of clusters, consistent 

with an active mechanism of cluster disruption. 

Studies examining the effects of tyrosine kinase and tyrosine phosphatase 

inhibitors on agrin-induced AChR clustering indicate that an interplay between kinase 

and phosphatase activities is required for cluster formation (Wallace, 1994; Wallace, 

1995; Ferns et al., 1996). Furthermore, the effects of the inhibitors on AChR 

extractability suggest that kinase activity serves to anchor, and phosphatase activity to 

deanchor, AChRs from the cytoskeleton (Wallace, 1994; Wallace, 1995). Thus, the 

disruption of AChR clusters could result simply from phosphatase-mediated 

deanchoring of AChRs. Results from a recent study on the disruption of clusters by 

neurites or beads coated with a heparin-binding growth factor on Xenopus myocytes are 

consistent with this idea (Dai and Peng, 1998). AChR disappearance is accompanied by 

phosphotyrosine disappearance, whereas cytoskeletal molecules such as focal adhesion 

kinase and dystrophin remain. Also, the phosphatase inhibitor pervanadate inhibits the 

disruption of AChR clusters in a dose-dependent manner, whereas a constitutively 

active phosphatase is sufficient to disrupt spontaneously-formed clusters. As proposed 

by Dai and Peng (1998), agrin could activate a diffusible phosphatase, consistent with 

the two-pathway model of disruption. Alternatively, we suggest that basal levels of 

phosphatase activity could remain unaltererd in response to agrin and, instead, agrin 

could advantageously compete for limiting tyrosine kinase substrates that are involved 

in the anchoring of AChRs and that would otherwise be in dynamic equilibrium with 

preexisting clusters. Interestingly, staurosporine and pervanadate, which do not affect 

the frequency of spontaneous AChR clusters significandy on chick and Xenopus muscle 

cultures, respectively (Wallace, 1994; Dai and Peng, 1998), did drastically reduce the 

frequency of spontaneous clusters on C2 myotubes. This discrepancy could be due to 
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clusters on our C2 myotube preparations being more dynamic, i.e., forming and 

disrupting spontaneously at faster rates. 

An important question regarding the mechanism underlying cluster disruption by 

agrin is whether agrin acts by causing a dispersal of preexisting AChRs, or by causing 

changes in the synthesis or degradation rates of the AChR. Whereas agrin could 

actively disrupt clusters either way, the single-pathway model implicates a dispersal of 

AChRs from preexisting clusters. Agrin addition to cultured myombes for long periods 

does not affect the total density of AChRs on the cell surface (Godfrey et al., 1984). In 

addition, bead-induced disruption of clusters occurs without changes in the density of 

diffuse AChRs (Peng, 1986). These results suggest that agrin's disruptive action occurs 

via a dispersal of AChRs; however, we cannot discard the possibility that agrin lowers 

AChR density at earlier times (2-3 h), when disruption of large, preexisting clusters 

occurs. 

Both in vivo and in vitro, the stability of AChR clusters is age-dependent For 

instance, denervation after ~2 weeks posmatally has virtually no effect on the 

distribution of AChRs at the neuromuscular junction, whereas denervation of newly 

formed junctions causes pronounced AChR dispersal (Slater, 1982; Moss and Schuetze, 

1987). Similarly, AChR clusters are susceptible to treatments such as depletion of 

extracellular Ca.^* in embryonic but not in neonatal primary muscle cultures (Bloch and 

Steinbach, 1981). One idea to explain this age-dependent stability is that agrin recruits 

a set of molecules that provide a stabilizing scaffold (for review, see Bowe and Fallon, 

1995). Consistent with this, agrin is required for the maintenance of AChR clusters for 

up to -18 h after its addition to cultured chick myotubes (Wallace, 1988) but not after 

longer periods (J. R. Fallon, personal communication). A candidate stabilizing 

molecule is laminin. Laminin staining lags behind that for AChR in agrin-induced 
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clusters (Nitkin and Rothschild, 1990; Dutlon et al., 1995). Moreover, laminin causes 

AChR clustering in cultured myotubes (Vogel et al., 1983), and recent work elucidating 

the mechanism underlying laminin's clustering activity is consistent with the idea that 

laminin is involved in the growth or stabilization of AChR clusters or both. For 

instance, laminin's time course for induction of AChR clusters is several hours longer 

than that of agrin (Sugiyama et al., 1997), and anti-laminin antibodies inhibit the 

formation of larger, agrin-induced clusters while increasing the number of smaller 

clusters (Montanaro et al., 1998). Our finding that laminin-induced clusters are resistant 

to disruption by agrin is consistent with laminin's role as a stabilizing molecule. 

Taken together, our findings suggest that agrin could cause the disruption of 

AChR accumulations in vivo, thus contributing to the postsynaptic remodeling that 

occurs during development and throughout life (Grinnell, 1995). Asynchronous AChR 

activation clearly plays a crucial role in regulating the stability of synaptic sites, for 

instance, during synaptic competition (Balice-Gordon and Lichtman, 1994; Dan and 

Poo, 1992; Colman et al., 1997), when AChRs disappear from beneath losing nerve 

terminals before these terminals retract (Rich and Lichtman, 1989; Balice-Gordon and 

Lichtman, 1993). Agrin, likewise, plays an important role in regulating synaptic 

stability. As evidence for this, agrin induces ectopic postsynaptic specializations in 

denervated as well as innervated muscle fibers (Rimer et al., 1996; Rimer et al., 1997; 

Jones et al., 1997; Meier et al., 1997). Moreover, the disappearance of agrin correlates 

with—and where observed, precedes-the disappearance of AChRs from abandoned 

synaptic sites observed under normal physiological conditions or upon reinervation, 

suggesting that agrin plays a permissive role in cluster stability (Werle and Sojka, 1996; 

Stanco and Werle, 1997). Our results suggest that agrin may, in addition, play an 

instructive role in disassembling unstable postsynaptic specializations. The recent 
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finding that the distribution of agrin in the synaptic cleft at the NMJ correlates with the 

arrangement of active zones suggests that the release of agrin from axon terminals may 

be activity-dependent (Schwartz et al., 1996). Thus, the actions of postsynaptic activity 

and of agrin in synapse formation and synaptic remodelling could be coupled in time. 

Furthermore, agrin is thought to play a similar instructive role in synaptogenesis in the 

CNS (see Bowe and Fallon, 1995). Thus, agrin's disruptive action may regulate 

synapse formation and plasticity in the PNS as well as in the CNS. 



CHAPTERS 

Agrin Disrupts and Inhibits the Formation of Clusters of 

Acetylcholine Receptors on C2 Myotubes at a Distance 
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ABSTRACT 

Agrin is a protein that plays an instructive role in the formation and maintenance 

of the neuromuscular junction (NMJ). Recent reports using soluble agrin suggest that 

agrin may effect major changes in the distribution of synaptic molecules by inducing as 

well as by inhibiting their aggregation. To further test this idea, we cocultured CHO 

cells expressing an insoluble form of neuronal agrin (Ag^^^) with C2 myotubes. In 

one-to-one contacts between CHO cells expressing agrin (CHO^p and C2 myotubes, 

focally-applied agrin was sufficient to cause a significant reduction in the frequency of 

acetylcholine receptor (AChR) clusters elsewhere on the same myotube. The reduction 

of clusters >50 um^ was more pronounced at distances <50 nm but evident even at 

distances >100 jim away from the site of the focal stimulus. A reduction in the 

frequency of clusters <50 |im* was apparent only at distances <50 nm. Similar effects 

were observed when cultures were treated with a soluble fragment of agrin (C-Agy^^^) 

for 24 h to induce clustering before plating CHO cells. Similar effects were moreover 

observed when cultures were treated with either C-Ag^^^ or laminin-1 24 h after 

CH0-C2 contacts had been made in coculture. Thus, insoluble agrin was active both in 

disrupting preexisting spontaneous or agrin-induced clusters and in inhibiting the 

formation of agrin- or laminin-induced clusters. These results, then, provide further 

evidence for the hypothesis that agrin contributes to the disassembly of postsynaptic 

specializations that are located away from the site of innervation. 
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INTRODUCTION 

Innervation at the neuromuscular junction (NMJ) causes dramatic changes in the 

distribution of postsynaptic molecules both at and away from jimctions. AChRs and 

other synaptic molecules accumulate locally, and clusters that are found on the cell 

surface prior to innervation disappear and are further inhibited from forming (Anderson 

and Cohen, 1977; Anderson et al., 1977; Frank and Fischbach, 1979; Peng and Dai, 

1998). Whereas the mechanisms underlying the local accumulation of AChRs have 

been extensively examined (see Hall and Sanes, 1993 for review), those underlying 

cluster disruption remain more mysterious. Activity through the AChR clearly 

contributes to the disappearance of preexisting clusters by causing a downregulation of 

mRNA for receptor subunits (Goldman et al., 1988; Tsay and Schmidt, 1989; 

Witzemann et al., 1991). However, the disruption of extrasynaptic AChR clusters in 

culture occurs even in the presence of activity blockade, suggesting that activity-

independent mechanisms may contribute as well to cluster disruption (Anderson and 

Cohen, 1977; Frank and Fischbach, 1979; Moody-Corbett and Cohen, 1982; Kuromi 

and BCidokoro, 1984; Davey and Cohen, 1986). 

Recent evidence suggests that the motor neuronal factor agrin, known to play a 

crucial role in the differentiation of the postsynaptic apparatus at the NMJ (see 

McMahan, 1990; Ruegg and Bixby, 1998), may contribute to the elimination of 

preexisting clusters. Addition of soluble neuronal agrin causes the disruption of 

preexisting, spontaneously-formed AChR clusters in cultured muscle (Daggett et al., 

1996; Cohen et al., 1997; this dissertation. Chapter 2). However, in normally 

innervated muscle, cluster disruption in response to agrin would have to occur at a 

distance from the site of nerve-muscle contact Neuronal agrin at the NMJ is bound to 
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the basal lamina or associated with the cell surface and remains restricted to the area 

directly beneath the nerve terminal (Reist et al., 1987). As a result, agrin's clustering 

activity is restricted to the synaptic area. When added in soluble form, agrin induces the 

formation of clusters over the entire cell surface whereas its clustering effect is localized 

when presented in insoluble form (Campanelli et al., 1991; Ferns et al., 1992). To 

further test agrin's hypothesized disruptive effect, we tested the ability of focally-

applied, insoluble neuronal agrin to disrupt clusters at a distance. 
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MATERIALS AND METHODS 

Materials 

Wild-type and agrin-expressing CHO cells (CHO^ and CHO^g, respectively) 

were a generous gift from Dr. J. T. Campanelli (University of Illinois; Campanelli et al., 

1991). Soluble, recombinant rat agrin was a generous gift from Dr. M. Ferns (McGill 

University) and was collected from the conditioned medium of COS cells transiently 

expressing a neuronal COOH-terrainal fragment of rat agrin (Ag^^^; rat nomenclature; 

Ferns et al., 1993). Laminin-1 (derived from EHS tumors) and Hoechst dye were 

purchased from Sigma Chemical Co. (St. Louis, MO). Anti-rat-agrin antibody (Agrin-

131), which recognizes all agrin isoforms (Hoch et al., 1994), was purchased from 

StressGen, and fluorescein-conjugated secondary antibody was purchased from Cappel 

Research Products (West Chester, FA). 

Cell Culture 

Cells from the mouse skeletal muscle cell line C2C12 were cultured as described 

previously (Gordon and Hall, 1989). Myoblasts were plated on 12-mm-round glass 

coverslips and grown in DMEM containing 20% fetal bovine serum (Gemini Bio-

Products, Calabasas, CA), 0.5% chick embryo extract (Gibco BRL), and 100 U/ml 

penicillin. Once the myoblasts had reached confluence, the medium was replaced with 

DMEM containing 2% horse serum (Gemini Labs, Inc.) and 100 U/ml penicillin in 

order to induce cell differentiation. Myotubes were allowed to differentiate for 64-72 h 

before fixing. CHO cells were plated at a density of 900 cells per cm^ 24 h after switch 
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to low-serura medium. In experiments testing the ability of focally-applied agrin to 

inhibit the formation of agrin- or laminin-induced clusters, soluble agrin (~5C)0 pM) or 

laminin-1 (~120 nM) were added 48 h after switch to low-serum medium. 

Alternatively, in experiments testing the ability of focally-applied agrin to disrupt 

clusters previously induced by soluble agrin, the times of soluble agrin and CHO cell 

addition were reversed. 

Fluorescent staining 

Rhodamine (Molecular Probes, Eugene, OR) was conjugated to a-bungarotoxin 

(Sigma Chemical Co.,St. Louis, MO) according to the method of Ravdin and Axelrod 

(Ravdin and Axelrod, 1977). To visualize AChR distribution, live cells were incubated 

with rhodamine-conjugated a-bungarotoxin (R-BTX) for 30 min at 37°C. Cells were 

then rinsed 3 times with phospate-buffered saline (PBS, pH 7.2), fixed with 2% 

paraformaldehyde for 10 minutes at room temperature, rinsed 3 times with PBS, and 

postfixed for 5 min with methanol at -20°C. To visualize nuclei, Hoechst dye was 

added during the postfix process. Coverslips were then mounted on glass slides in 

glycerol containing p-phenylenediamine (Johnson and Nogueira Araujo, 1981). To 

visualize CHO-expressed rat agrin, cells were processed as above, but after fixing, were 

blocked for 1 h with PBS containing 5% bovine serum albumin, then incubated with 

primary antibody specific to rat agrin in block solution for 1 h at room temperature, 

rinsed with PBS, and further incubated with fluorescein-conjugated secondary antibody 

for 30 minutes. 
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Quantitation of AChR-cIuster number and size 

Nuclei of CHO cells in contact with C2 niyotubes (see Results) were centered in 

the field of view of a Leitz Aristoplan fluorescence microscope using a Leitz 40x 

oil-immersion objective. Images were recorded on 35-mm black and white negatives 

and subsequently digitized using a Nikon LS-IOOO high-resolution scanner. Files were 

saved as TIFF format and imported into NIH Image (version 1.61). Cluster areas were 

determined semi-automatically. Each cluster was individually selected using "Density 

Slice" under the Options menu and completely filled. The area of each selected particle 

was subsequendy determined automatically. Clusters <3 nm^ which were not easily 

resolved, and out-of-focus clusters were not measured. To calculate the distance 

between each cluster and the relevant CHO cell, the x,y coordinates for the geometric 

centers of relevant CHO nuclei and AChR clusters were determined. Area and x,y-

coordinate measurements were imported for analysis into Excel and Deltagraph. 

Statistical Analvsis 

For experiments in which cluster frequency was measured independently of 

distance from CHO cell (Fig. 3), data were pooled from three experiments, each 

containing 20 control and 20 experimental myotubes (n = 60). The distributions of 

number of AChR clusters per myotube were generally not normal when small, medium, 

or large clusters were considered separately. Instead, the frequency distributions were 

often positively skewed. By taking the square root of the data, the distributions were 

normalized. Four analyses of variance (ANOVA) were done, one for each condition 

tested, because each of the four conditions included a specific control group. Where 
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ANOVA yielded statistically significant differences between the considered variables 

(cluster size (small, mediimi, large) and condition (control, experimental)), posthoc 

ANOVA tests were done to determine differences between particular means. 

Significant posthoc differences were determined after making Bonferroni adjustments to 

the a level. 

For experiments in which the number of clusters was measured as a function of 

both cluster siice and distance from CHO cell (Fig. 4), data were pooled from three 

experiments, each containing 20 control and 20 experimental myotubes. In this case, 

distributions of the number of clusters per myotube were not normal, even after taking 

the square root. Separate Chi Square tests of independence were done to determine any 

significant differences between control and experimental distributions for either small, 

medium, or large clusters within each of the four experimental conditions tested. Thus, 

three Chi Square tests of independence were done for each condition tested. To 

compensate for the relatively high number of Chi Square tests done, a low a level (0.01) 

was chosen. 
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ElESULTS 

To test agrin's ability to disrupt preexisting AChR clusters or inhibit the 

formation of new clusters at a distance, we cocultured myotubes of the C2 cell line with 

CHO cells expressing a full-length construct of a neuronal isoform of agrin (Agy4^; 

hereon referred to as agrin). Agrin expressed by CHO cells is secreted but remains 

bound to the CHO cell surface and is distributed in uniform fashion (Campanelli et al., 

1991). This cell-attached assay has been successfully used to study the effects of local 

agrin presentation on post- and presynaptic differentiation (Campanelli et al., 1991; 

Ferns et al., 1992; Ferns et al., 1993; Campagna et al., 1995). 

Ater coculturing C2 and CHO cells for 40-48 h, we observed, consistent with 

previous results, that AChRs clustered at sites of contact between C2 cells and CHO^g 

cells (Fig. 1 A,B). We used only early passages of CHO cells, and agrin staining on 

CHO^ cells was accordingly mostly bright. 

For data collection, we chose myotubes that contacted only one CHO cell. By 

labeling with R-BTX, we observed that AChRs were found not only in high-density 

clusters but also diffusely over the myotube surfaces, allowing us to distinguish the 

myotube outline (see Fig. IB). Myotube dimensions varied, ranging from 191 to 501 

^mi in maximum length and from 16 to 192 |im in maximum width; however, the 

variances in the control and experimental groups did not significantly differ from each 

other (F-test; maximum length, p = 0.989 and maximum width, p = 0.240). To 

determine the location of CHO cells, we stained with Hoechst dye, which stained nuclei 

of both CHO and C2 cells but revealed differences between the two types of nuclei 

based on morphology. C2 nuclei are heterochromatic, so they stain much more brightly 

than CHO nuclei, which contain less heterochromatin (see Fig. 1C,E). For both control 
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Figure 3.1 Assay using agrin-expressing CHO cells in coculture with C2 myotubes 

to study the effects of agrin at a distance. (A) CH0-C2 coculture stained with anti-rat 

agrin and fluorescein-conjugated secondary antibody. CHO cells express agrin that is 

uniformly bound to the cell surface. (B) Same field as A, counterstained with R-BTX to 

show that agrin induces AChR clustering at sites of contact with C2 myotubes. (C-F) 

Control myotubes stained with R-BTX (C, E) and counterstained with Hoechst dye (D, 

to show a CHO cell (arrow) located off to the side of the myotube (C, D), and one 

overlapping the myotube (E, FO; the way ellipses are superimposed over control 

myotubes depends on the location of the CHO nucleus relative to the apposing 

myotube. The asterisks on D and F indicate the center of each relevant CHO nucleus. 

Note that C2 nuclei (arrowheads) are heterochromatic, thus stain brightly, in contrast to 

CHO nuclei. Scale bar, 20 nm. 
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and experimental groups, we chose CHO-cell nuclei that were found just off to the side 

or overlapping with only one myotube. Additionally, for experimental groups, we 

chose only CHO cells that exhibited agrin immunoreactivity and induced AChR 

clustering on the apposing myotube surface. 

We did not wish to consider clusters found in close proximitity to the CHO 

nucleus in control myotubes because this could lead to an overestimation of cluster 

disruption, given that in experimental myotubes, the cluster induced locally by agrin 

occluded the presence of any spontaneously-occuring clusters in the corresponding area. 

To subtract the unwanted clusters from control myotubes, we first fitted an ellipse to 

agrin-induced clusters in experimental myotubes. Areas of best-fit ellipses correlated 

with actual cluster areas by >90% (Pearson correlation analysis). Because the area of 

agrin-induced clusters varied, ranging from 59 to 738 ^un^, with a mean of 280 ^m^ and 

a standard deviation of 163 (n = 51), we opted to determine the median measures for the 

elliptical major and minor axes and superimposed the "median" ellipse (major axis = 49 

|im; minor axis = 6 pm; area = 231 ̂ m*) over control myotubes. If a CHO nucleus 

overlapped with the myotube, we superimposed the center of the ellipse over the center 

of the CHO nucleus. If, on the other hand, the CHO nucleus was located off to the side 

of the myotube, we superimposed the ellipse over the myotube so that one of the points 

on the ellipse's short axis contacted the myotube's edge tangentially at the point closest 

to the CHO nucleus (Fig. IC-F). Clusters found within the superimposed ellipse were 

not counted. 

The ability of focally-applied agrin to eliminate AChR clusters at a distance was 

tested under four conditions. In the first, we asked whether the focal agrin stimulus 

could disrupt spontaneously-formed preexisting clusters. Indeed, the number of clusters 

on myotubes contacting CHO^ cells was markedly less than on myotubes contacting 
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CHO^ cells (Fig. 2A). Agrin is thought to induce the growth and stabilization of AChR 

clusters (Wallace, 1988). Accordingly, we treated myotubes with -500 pM of a C-

terminal soluble fragment of neuronal agrin, C-Ag^^^ (Ferns et al., 1993), for 24 h 

before adding CHO cells to cultiu^s, reasoning that the clusters previously induced by 

soluble agrin might be, in contrast to spontaneous clusters, resistant to disruption. 

However, preexisting clusters induced by soluble agrin were also susceptible to 

disruption (Fig. 2B). For the third and fourth condition, we tested whether the focal 

agrin stimulus would inhibit the formation of clusters induced by either soluble agrin or 

laminin by adding -500 pM or -120 nM Iaminin-1 to cultures for 16-24 h after 

having plated CHO cells with myotubes for 24 h. Laminin induces AChR clusters on 

cultured muscle cells (Vogel et al., 1983), and recent studies suggest that laminin acts 

via a pathway different from the one associated with agrin, by enhancing cluster growth, 

stability, or both (Sugiyama et al., 1997; Montanaro et al., 1998). As the representative 

images in Figs. 2C and D show, focally-applied agrin prevented the induction of 

clusters by both C-Agy4^g and laminin-1, respectively. 

We recently explored the effects of soluble agrin on preexisting AChR clusters 

and found that upon addition of C-Agy4^ to C2 myotubes for short periods (2-3 h), the 

frequency of small clusters (<50 nm") drastically increased whereas that of large 

clusters (>100 i^m^) decreased significantly (this dissertation; Chapter 2). Using CHO^g, 

we observed that the frequency of small clusters on experimental myotubes did not 

significandy differ from that on control myotubes, whereas the frequency of both 

medium clusters (50-100 ^m") and large clusters decreased significandy. This was true 

for three of the four conditions tested (Fig 3). The exception was for the condition for 

which AChR clusters were induced with C-Agy4^ prior to the addition of CHO cells to 
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Figure 3.2 Focally-applied agrin causes die elimination and inhibits the formation of 

AChR clusters. Myotubes contacting an agrin-expressing CHO cell exhibit fewer 

clusters away from the site of contact (right-hand panels) than do myotubes contacting 

wild-type CHO cells (left-hand panels). Cultures were treated with nothing (a, a'); with 

C-Agy4^g prior to addition of CHO cells (b, b'); and with C-Agy4jjg or Iaminin-1 after 

addition of CHO cells (c, c' and d, d', respectively). Asterisks on left-hand panels 

indicate the nuclear center of CHO cells that contacted myotubes. Scale bar, 20 iim. 
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Figure 3.3 Effect of foe ally-applied agrin on the frequency of small, medium, and 

large AChR clusters, under four experimental conditions. CHO-C2 cocultures were 

treated with nothing (A); with C-Agy4^ before addition of CHO cells (B); or with 

C-Agy4_^ or laminin-1 after addition of CHO cells (C and D, respectively). Data points 

represent the mean number ± SEM of small (<50 ^m"), medium (50-100 ̂ un^), and large 

(>100 ^im^ AChR clusters per myotube, from control (CHO^„; blank columns) or 

experimental (CHO^g; filled columns) groups. Data were pooled from three 

experiments; in each experiment, twenty myotubes taken from three cultures were 

observed for each the control and experimental group. Asterisks represent significant 

differences between control and experimental values (two-way ANOVA 

(controI,experimental) x (small, medium, large); * p < 0.01). 
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Figure 3.4 Effect of focally-applied agrin on the number of small, medium, and 

large AChR clusters as a function of distance from site of myotube contact CH0-C2 

cocultures were treated with nothing (A); with C-Agy4^ before addition of CHO cells 

(B); or with C-Agy4jjg or laminin-1 after addition of CHO cells (C and D, respectively). 

Distances were measured from the center of the relevant CHO nucleus to the center of 

each AChR cluster and categorized into four groups as follows: <25 pm (1), 26-50 pm 

(2), 51-100 jun (3), and >100 nm (4). Data points represent the total number of small 

(<50 Hm^, medium (50-100 pm^, and large (>100 ^im*) AChR clusters from control 

(CHO^; blank columns) or experimental (CHO^ filled columns) groups. Data were 

pooled from three experiments; in each experiment, twenty myotubes taken from three 

cultures were observed for each the control and experimental group. The distribution of 

cluster number as a function of distance significantiy differed between control and 

experimental groups for either small, medium, or large clusters, under each of the four 

experimental conditions (Chi-Square tests of independence; p < 0.01). 
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myotube cultures (Fig. 3B). Under this condition, we observed a reduction in the 

frequency of small clusters also, although this reduction was not pronounced. 

In an attempt to determine whether the zone of cluster inhibiton was limited in 

space, we measured the frequency of small, medium, and large AChR clusters as a 

function of distance from the site of CH0-C2 cell-cell contact, under each of the four 

conditions. To this end, we calculated the distance between the center of the CHO-cell 

nucleus and the center of each AChR cluster that was situated at a distance from the site 

of cell-cell contact and categorized each cluster into one of four distance bins: <25 pm, 

26-50 ^un, 51-100 |xm, and >100^UI1. As Fig. 4 indicates, focally-applied agrin caused a 

decrease in the number of AChR clusters at short distances (<50 nm), regardless of 

cluster size or experimental condition. At longer distances (>50 ^mi), a decrease was 

generally still observed, although not as pronounced, for medium and large but not 

small clusters. This was the case in all four experimental conditons tested. These 

results show that the spatial zone of cluster inhibition produced by focally-applied agrin 

is extensive yet fades with increasing distance. 
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DISCUSSION 

We recently found that a soluble fragment of neuronal agrin is sufficient to 

disrupt large, preexisting AChR clusters on C2 myotubes (this dissertation. Chapter 2), 

suggesting that agrin may contribute to the activity-independent disruption of AChR 

clusters induced by nerve (Anderson and Cohen, 1977; Frank and Fischbach, 1979; 

Moody-Corbett and Cohen, 1982; Kuromi and Kidokoro, 1984; Davey and Cohen, 

1986). As a more direct test of this idea, we examined the effects of focally-applied 

agrin on the distribution of AChRs situated at a distance. Our results demonstrate that 

agrin is sufficient to inhibit clustering globally. 

CHO cells expressing an insoluble form of neuronal agrin were cocultured with 

C2 myotubes and one-to-one contacts of the two cell types examined. Agrin presented 

in this manner caused the aggregation of AChRs at the site of contact. In addition, 

AChR clusters were disrupted that had previously formed away from the site of contact 

either spontaneously or in response to soluble agrin. Moreover, soluble agrin and 

laminin were unable to induce clustering on myotubes that came in contact with agrin-

expressing CHO cells. We would have further liked to test the ability of focally-applied 

agrin to disrupt laminin-induced AChR clusters, especially considering that laminin-

induced clusters are resistant to disruption by soluble agrin (this dissertation. Chapter 

2). However, as reported by others (Sugiyama et al., 1997), laminin was toxic to the 

cells when added for long periods (48 h) at the concentration used to induce clustering. 

Under the four conditions tested, AChR clusters >50 |jm^ were affected most 

markedly, with cluster disruption or inhibition being more pronounced at shorter 

distances (<50 pm) but generally occuring at all distances away from the focal stimulus. 

Clusters <50 were inhibited too but only at short distances (<50 nm). Nevertheless, 
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the inability of agrin to lower the frequency of smaller clusters may have been only 

apparent, considering that larger clusters could have become disrupted by shrinking or 

becoming fragmented. Consistent with this idea, a large preexisting AChR cluster 

transforms into numerous, small clusters in response to high concentrations of soluble, 

full-length agrin on Xenopus muscle cultures (Daggett et al., 1996). That the extent of 

disruption was comparable among the four experimental conditions tested suggested 

that the focal stimulus was potent in its activity. Furthermore, the observed effects were 

long-lasting, as the cells were not fixed until 24-48 h after addition of CHO cells to 

myotube cultures. Immunoreactivity for the focally-applied neuronal agrin was intense; 

thus, the potent, long-lasting effects could have resulted from a constant activation of 

the signaling pathway(s) involved. Alternatively, the local stimulus could have 

activated a long-lived signaling system responsive to only high densities of agrin. 

One can envision two broad classes of mechansims to explain the agrin-induced 

disappearance of clusters. First, in a passive model of cluster disruption, AChRs that 

diffused away at a normal rate from a given preexisting cluster could become 

preferentially trapped beneath the focal agrin stimulus. Alternatively, in an active 

model of cluster disruption, agrin could activate a signaling pathway divergent from the 

one associated with agrin-induced clustering. 

Previous studies have examined the process of cluster disruption at a distance 

using neurites or polysterene latex beads coated or not with heparin-binding growth 

factors as the focal stimulus. In Xenopus myotomal muscle cells, beads induce 

clustering of AChRs and other synaptic molecules at the site of bead contact and cause 

the elimination of preexisting clusters away from the site of contact (Peng, 1986; Peng 

et al., 1995). Correlative evidence suggesting that bead-induced AChR clustering 

occurs via the same mechanism associated with agrin- and nerve-induced clustering 
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(Peng et al., 1991; Baker and Peng, 1993) makes it likely that beads and agrin act 

through the same or similar mechanisms to cause the disruption of AChR clusters 

globally. In studies using beads to disrupt clusters, increasing bead number or size 

correlates with decreases in the number, size, and rate of disruption of clusters situated 

away from the stimulus (Peng, 1986). Moreover, the rate of disruption is inversely 

related to the distance from the bead stimulus, whether the stimulus is a bead or a 

neurite (Dai and Peng, 1998). In addition, local cluster induction occurs prior to or 

concomitant with global cluster disruption (Peng, 1986; Dai and Peng, 1998;but see 

Kuromi and BCidokoro, 1984). These results are consistent with either the passive model 

of disruption or the active model. Finally, a recent study points to a role of tyrosine 

phosphatase in the global disruption of clusters induced by either bead or nerve contact 

(Dai and Peng, 1998). Whether agrin acts via the same mechanism as bead or nerve 

stimuli remains to be resolved. Future experiments using time-lapse or real-time video 

microscopy should prove useful in determining the mechanism(s) responsible for the 

elimination of clusters in response to locally-applied agrin by allowing for careful 

analysis of the distribution of AChRs and other molecules under varying conditions in 

both space and time. 

Preexisting assemblies of AChRs and other synaptic molecules disappear from 

beneath losing terminals prior to their retraction (Rich and Lichtman, 1989; Balice-

Gordon and Lichunan, 1993; Culican et al., 1998). The pattern of postsynaptic activity 

through the AChR is of critical importance in mediating the disassembly of the 

posts)niaptic specialization from beneath losing synaptic inputs (Balice-Gordon and 

Lichtman, 1994). Our results suggest that agrin may play a complementary role to that 

of activity in mediating the competitive process by contributing to the disappearance of 

AChRs from beneath losing terminals. Moreover, AChR distribution at the NMJ is 
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characterized by having sharp edges (Salpeter and Harris, 1983; Salpeter et al., 1988) 

that could result at least in part from agrin's disruptive effect at a nearby distance. 

Finally, because it is thought to play similar roles in the CNS as at the NMJ (see Bowe 

and Fallon, 1995), agrin may regulate the architectural synaptic remodelling associated 

with processes such as memory and learning (Sutula et al., 1992) by acting dually to 

form and stabilize a high density of neurotransmitter receptor locally while contributing 

to the segregation of synpatic inputs via the disassembly of receptor densities elsewhere. 
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CHAPTER 4 

a-Dystroglycan Might Associate Weakly with a CSPG 
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ABSTRACT 

Previous studies have suggested a role for chondroitin sulfate (CS) in agrin-

induced clustering of AChRs and hint at the possibility that a-dystroglycan (a-EXj) is a 

CSPG. We further tested the idea that CS is required in the clustering process by 

treating C2 myotubes with chondroitinase ABC lyase (EC 4,2,2,4). Chondroitinase 

containing protease activity and 35% protein added as carrier inhibited both 

spontaneous and agrin-induced AChR clustering on C2 myotubes, consistent with 

previous results. By contrast, the same type of chondroitinase but possesing lower 

carrier-protein content and no protease activity was without effect We also further 

tested the idea that a-DG is a CSPG. Sepharose beads conjugated to monoclonal 

antibody IIH6 to a-DG, or to laminin consistently precipitated a band from sulfate-

labelled cell supematants that resembled a-DG in molecular weight and heterogeneity 

and that was susceptible to treatment with chondroitinase ABC lyase (Seikagaku); 

however, a-DG could not be detected by subsequent Western blotting. By contrast, 

a-EXj could be detected on Western blots from whole cell extracts, but probing with a 

monoclonal anti-CS antibody did not consistently reveal the presence of CS. These 

results suggest that CS is not required for AChR clustering and that a-DG associates 

with a CSPG but only weakly. 
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INTRODUCTION 

The postsjoiaptic specialization at the neuromuscular junction (NMJ) contains a 

high density of AChRs essential for effective neural transmission (Salpeter and Harris, 

1983; Salpeter et al., 1988) Proteoglycans (PCs) play an important role in the formation 

of this high density of AChRs. In particular, nerve-dervied agrin, a heparan sulfate PG 

(Tsen et al., 1995), is responsible for aggregating preexisting AChRs and other synaptic 

molecules directly beneath the nerve terminal (McMahan, 1990). Proteoglycans 

synthesized by the muscle colocalize with AChRs formed in aneural cultures, 

suggesting that they too may be involved in the process of clustering (Anderson and 

Fambrough, 1983; Godfrey et al., 1988; Swenarchuk et al., 1990). 

Several lines of evidence correlate with the idea that PGs supplied by the muscle 

fiber play an important role in the clustering of AChRs at the NMJ. First, the genetic 

variant of the C2 muscle cell line S27, isolated on the basis of a deficiency in 

glycosaminoglycan (GAG) biosynthesis (Gordon and Hall, 1989), does not cluster 

AChRs either spontaneously (Gordon et al., 1993) or in response to agrin (Ferns et al., 

1993). Second, other C2 variants isolated in parallel with the S27 line are likewise 

deficient in both PG biosynthesis and spontaneous AChR clustering. Genetic 

complementation by heterokaryon formation between genetic variants rescues both 

AChR clustering and overall PG biosynthesis (Mook-Jung et al., 1993). In particular, 

biosynthesis of a chondroitin sulfate proteoglycan (CSPG) that is deficient in all 

variants consistently correlates with the rescue of AChRs in heterokaryons. Finally, the 

report that digestion of CS chains inhibits both spontaneous and agrin-induced AChR 

clustering on C2 myotubes would implicate CSPGs in the process of clustering (Mook-

Jung and Gordon, 1995). 
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The identity of relevant CSPGs remains mysterious. One possible candidate is 

alpha-dystroglycan (a-DG). a-DG is a member of the dystrophin-associated 

glycoprotein complex found in striated muscle plasma membranes and implicated in the 

pathogenesis of muscular dystrophy (Ervasti and Campbell, 1991). It is also clearly 

involved in AChR clustering, although its exact role in the process is arguable (for 

reviews, see Sealock and Froehner, 1994; Fallon and Hall, 1994). Several studies 

suggest that a-DG is a PG. First, its high carbohydrate content, Alcian blue staining 

(Ervasti and Campbell, 1993), and low isoelectric point (Yamamoto et al., 1993) are all 

characteristic of PCs. Second, the predicted amino acid sequence of a-DG bears two 

conserved Ser-Gly consensus sequences for addition of GAGs (Ibraghimov-

Beskrovnaya et al., 1993). Third, S27 myotubes express a-DG that is smaller than 

normal (Sugiyama et al., 1994). Fourth, laminin and agrin bind a-DG (Ibraghimov-

Beskrovnaya et al., 1992; Ervasti and Campbell, 1993; Bowe et al., 1994; Campanelli et 

al., 1994; Gee et al., 1994; Sugiyama et al., 1994), and recent work from our group 

shows that a band of similar molecular weight and heterogeneity as a-DG can be 

precipitated from sulfate-labelled cell extracts with a monoclonal antibody to a-DG, or 

with laminin or agrin. Moreover, this band disappears after chondroitinase ABC 

treaunent but not after digestion of heparan sulfates with nitrous acid (Mook-Jung, 

1995), suggesting the possibility that a-DG is a CSPG. 

As a first step in determining how CS is required during agrin-induced AChR 

clustering, we asked whether treaunent of C2 cells with chondroitinase ABC would 

inhibit events associated with transduction of the agrin signal. In addition, we used 

Western blotting to further test the idea that a-DG is a CSPG. 
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MATERIAL AND METHODS 

Materials 

Recombinant rat agrin (Agy4^ was a generous gift from Dr. M. Ferns (McGiU 

University) and was collected from the conditioned medium of COS cells transiendy 

expressing a COOH-terminal fragment of the neuroal isoform of agrin Agy^^^g (Ferns et 

al., 1993). Monoclonal antibody VIA4-I against a-DG was purchased from Upstate 

Biotechnology. Monoclonal anti-mouse chondroitin sulfate was purchased from Sigma 

Chemical Co. Monoclonal antibodies IIH-6 and Fp-B against a-DG, IIH6- and laminin-

conjugated Sepharose beads, and rabbit skeletal muscle cell extracts were generous gifts 

from Dr. K. Campbell, (University of Iowa). Materials for SDS-PAGE were purchased 

from Bio-Rad, Inc. Radiolabeled sulfate was purchased from ICN Biomedicals (Irvine, 

CA). 

Cell Culture 

Cells from the mouse skeletal muscle cell line C2C12 were cultured as described 

previously (Gordon and Hall, 1989). Myoblasts were plated on 22-mm-sq. glass 

coverslips and grown in DMEM (Gibco BRL) containing 20% fetal bovine serum 

(Gemini Bio-Pproducts, Calabasas, CA), 0.5% chick embryo extract (Gibco BRL), and 

100 U/ml penicillin. Once the cells had reached confluence, the growth medium was 

replaced with DMEM containing 2% horse serum (Gibo BRL) and penicillin in order to 

induce myotube differentiation, and cells were allowed to differentiate for 72 h. The 

medium was changed every 24 h. For experiments where the effect of chondroitinase 



90 

ABC lyase on AChR clustering was tested, the enzyme was added every 24 h starting 

one day after switch to low-serum medium, unless otherwise specified in Results. 

Agrin was added to some cultures two days after switch to low-serum medium for 24 h. 

Assav for AChR clustering 

Rhodamine (Molecular Probes, Eugene, OR) was conjugated to a-bungarotoxin 

(Sigma Chemical Co.,Sl Louis, MO) according to the method of Ravdin and Axelrod 

(Ravdin and Axelrod, 1977). To visualize AChR distribution, live cells were incubated 

with rhodamine-conjugated a-bungarotoxin for 30 min at 37°C. Cells were then rinsed 

3 times with phospate-buffered saline (PBS, pH 7.2), fixed with 2% paraformaldehyde 

for 10 min at room temperature, rinsed 3 times with PBS, and postfixed for 5 min with 

methanol at -20PC. Cells were then mounted on glass slides in glycerol containing 

p-phenylenediamine (Johnson and Nogueira Araujo, 1981). Slides were examined on a 

Leitz Aristoplan fluorescence microscope using a Leitz lOOx Ruotar plan objective. 

The number of AChR clusters was measured for each of 25 randomly-chosen fields per 

glass coverslip. 

Biochemical characterization of GAGs on C2 cells 

To determine whether chondroitinase treatment was effective, the profile of 

GAGs on C2 cells was determined, as previously described (Mook-Jung, 1995). C2 

cells were cultured on 35-mm dishes (two dishes per treatment) in normal medium, until 

12 h prior to harvesting. At that time, the medium was replaced with sulfate-free. 
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low-serum medium containing 100 M-Ci/ml H2^S04. In addition, experimental cultures 

were treated with 0.25 units/ml of chondroitinase ABC. Cultures were harvested in 3 

ml of O.IM NaOH, and 100 nl aliquots were assayed for protein content (Micro Pierce 

assay). Nucleic acids were digested with 20 units/ml DNase and 20 |xg/ml RNase 

(Sigma), with 1 mM MgCl^at pH 7 for 2 h at 37°C. The pH of the samples was adjusted 

to 5.5, and 1 mg/ml shark chondroitin sulfate (Sigma) was added as carrier. To digest 

the core proteins of proteoglycans, the samples were incubated with 2 mg/ml pronase E 

(Sigma) for one day at 37°C on a shaker. Samples were bound to DEAE-sephacel beads 

(Sigma) and washed with 0.1 M NaCl in 20 mM piperazine, pH 5.8, to remove free 

'^S04^" and other contaminants. GAGs were then eluted with 2 M NaCl in 20 mM 

piperazine, pH 5.8, followed by ethanol precipadon (Bame and Esko, 1989). The 

resulting GAGs were resuspended in 20 mM piperazine buffer containing 0.2% CHAPS 

(pH 5.8) and applied to a 1 ml Mono-Q ion-exchange chromatography column 

(Pharmacia). The applied sample was washed with 10 ml of buffer, and fractions were 

eluted with a gradient of 0.05 to 1.75 M NaCl in buffer. Pharmacia FPLC pumps, 

valves, and the fraction collector were regulated via a custom-built, Macintosh-based 

chromatography controller that formed the salt gradients, insured reproducibility of all 

runs, and allowed for variable fraction sizes. Radioactivity in fraction aliquots was 

measured with a scintillation counter, and counts-per-minute measures of were 

calculated per ml of column eluate per mg of protein in the original culture. 

Precipitation from cell supematants 

a-DG was immunoprecipitated from culture medium as described previously 

(Mook-Jung, 1995). C2 cells were cultured on 35-mm dishes (two dishes per treatment) 
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in normal medium. Cells were sulfate-labeled by adding H2^^S04 (100 ^iCi/ml) to the 

culture medium for 12 h. The culture medium (2 ml per treatment) was then collected 

in the presence of a protease-inhibitor cocktail (2 pg/ml aprotinin, 2 ng/ml leupeptin, 

100 jig/ml PMSF, 500 (xM benzamidine, and 10 mM N-ethylmaleimide; Sigma), and the 

pH was adjusted to 12 with 10 M NaOH. Following overnight incubation at with 

gende rotation, the culture supernatant was ultracentrifuged at 100k x g for 1 h. A small 

portion of the resulting supernatant (0.7 ml) was diluted with 0.7 ml of 2x laminin-

binding buffer (LBB; 280 mM NaCl, 2 mM CaCl% 2 mM MgCl^ 29 mM TEA, pH 7.6; 

Ervasti and Campbell, 1993) and incubated with 15 nl of IIH6- or laminin-conjugated 

beads for 2h at 4°C with gentle rotation. Beads were washed five times in Ix LBB; 

resuspended in a final volume of 50 (xl containing 2.5 fiM Tris-HCl (pH 8.0), 3 jiM 

sodium acetate, and 5 [xg bovine serum albumin; and incubated for 4 h at 37°C, in the 

presence or absence of 2 U/ml chondroitinase ABC (Seikagaku). The reaction mixtures 

were then heated at 100°C for I minute to inactivate enzymes (Yamagata et al., 1968). 

The chondrotinase-treated and -untreated materials were eluted in SDS loading buffer, 

separated by electrophoresis on polyacrylamide gels with a 4-15% gradient, and 

transferred to nitrocellulose membranes. Proteins were then probed for a-DG with IIH6 

antibody, followed by biotinylated secondary antibody and avidin-conjugated alkaline 

phosphatase (E-Y Laboratories) for colorimetric visualization. Proteins were 

subsequentiy autoradiographed using a storage phosphor screen from Molecular 

Dynamics, Inc. 
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Precipitation from whole cell extracts 

To precipitate a-DG from cell extracts, rayotube cultures grown on 10-cm dishes 

were first rinsed briefly, then scraped off in PBS without calcium and magnesium and 

pelleted. The cells were then extracted on ice for 20 minutes in buffer (400 ^1 per 

10-cm plate) containing 25 mM Tris, 25 mM glycine, 150 mM NaCl, 1% Triton X-100, 

and the following protease inhibitors; 5 mM EDTA, 5 mM EGTA, 2 ̂ ig/ml aprotinin, 2 

(Ig/ml leupeptin, 100 jig/ml PMSF, 500 [xM benzamidine, and 10 mM N-ethylmaleimide 

(Sigma). Insoluble material, such as nuclei, was removed by centrifugation at 14k x g 

for 4 minutes. Extracts were then incubated with IIH6-conjugated beads (50 ^1 of bead 

solution per 10-cm dish) for 2 h at 4°C, with gende rotation. The immuno-precipitated 

proteins were eluted in SDS loading buffer, separated by electrophoresis on 

polyacrylamide gels with a 4-15% gradient, and transferred to nitrocellulose 

membranes. The proteins were then probed with monoclonal anti-chondroitin sulfate 

antibody, followed by an HRP-conjugated sheep anti-mouse secondary antibody 

(Amersham Corporation), and then visualized using the enhanced chemiluminescence 

method (ECL; Amersham Corporation). To reprobe proteins with the monoclonal 

antibodies to a-DG VlA^-l and Fp-B, blots were first stripped of antibodies by washing 

with a low pH buffer (200 mM glycine, 0.1% Tween 20, pH 2.5) for 20 minutes. 
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RESULTS 

Effectiveness of chondroirina«;e ABC Ivase on AChR clustering on C2 mvotuhes 

Several lines of evidence suggest that CS plays a crucial role in agrin-induced 

AChR clustering (see Introduction). In an attempt to determine where CS chains act in 

the agrin pathway, we asked whether treatment of C2 myotubes with chondroitinase 

ABC, which reportedly inhibits agrin-induced clustering (Mook-Jung, 1995), would 

also inhibit an early signaling event in the agrin pathway, namely, tyrosine 

phosphorylation of the p subunit of the AChR (Wallace et al., 1991; Ferns et al., 1996). 

We found, consistent with previous results (Mook-Jung, 1995), that addition of 

0.2 U/ml chondroitinase ABC lyase (EC 4,2,2,4; Sigma, catalog no. C2905) to C2 

myotubes for 48 h before fixing drastically reduced the frequency of AChR clusters 

formed either spontaneously or in response to -500 pM agrin (Fig. 1). In the study by 

Mook-Jung and Gordon (1995), chondroitinase was ineffective in inhibiting clustering 

if added for less than 48 h. In our hands, by contrast, the full inhibitory effect was 

evident even when the chondroitinase was added for only the last 12 h prior to fixing 

(data not shown). We also tested the same type of chondroitinase ABC lyase (EC 

4,2,2,4) from a different company, Seikagaku Corp. (catalog no. 100330), for its ability 

to inhibit spontaneous and agrin-induced AChR clustering. Surprisingly, this 

chondroitinase, added at the same dose, was without effect (Fig. 1). 

To ensure that the enzymes obtained from the two different companies were 

effective in digesting CS, cultures grown in parallel and treated with either enzyme 

were assayed for either agrin-induced clustering or for cell-layer GAGs. For the latter 

assay, cultures were labelled with H2^^S04 (200 |jCi/ml) in sulfate-free, low-serum 
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Figure 4.1 Effect of chondroitinase ABC lyase (EC 4,2,2,4) on AChR 

clustering on C2 myotubes. Chondroitinase ABC was added at 0.2 U/ml every 

24 h for two days prior to fixing myotubes. In some cultures, -500 pM agrin 

was added for the last 24 h. The effect of chondroitinase obtained from either 

Sigma Chemical Co. (catalog no. C2905; filled columns) or Seikagaku Corp. 

(catalog no. 100330; hatched columns) was determined in relation to untreated 

cultures (blank columns). Values are from one representative experiment and 

represent the mean number of AChR clusters per field of view from 25 fields 

taken from one culture. Asterisks represent significant differences from control 

(one-way ANOVA; * = p < 0.01). 
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medium for die last 12 h of enzyme treatment and GAGs separated on an ion-exchange 

column. The biochemical characterization of C2 GAGs obtained by this method is 

highly reproducible. CS consistently elutes starting at an elution volume of 22 or 23 mL 

As shown in Fig. 2, both the Sigma chondroitanase that inhibited AChR clustering and 

that obtained from Seikagaku Corp. were effective in digesting CS almost completely. 

The extent of digestion, though, was somewhat higher for Sigma than for Seikagaku 

chondroitinase. We thus tested the ability of Seikagaku chondroitinase to inhibit 

clustering if added at a concentration 10 times higher. As another way of increasing the 

dose of the enzyme, we added chondroitinase every 12 h instead of every 24 h. As Fig. 

3 shows, Seikagaku chondroitinase did not affect the frequency of either spontaneous or 

agrin-induced AChR clusters, even at high doses. 

Immuno- and affinitv-precipitation of aPG from cell supematants and whole cell 

extracts 

Our group recently showed that a band resembling a-DG on SDS-PAGE can be 

precipitated from sulfate-Iabelled, C2-ceIl supematants with a monoclonal antibody to 

a-DG; or with laminin or agrin (Mook-Jung, 1995), both of which bind a-DG (Ervasti 

and Campbell, 1993; Bowe et al., 1994; Campanelli et al., 1994; Gee et al., 1994; 

Sugiyama et al., 1994). That the sulfate-Iabelled band disappears after chondroitinase 

ABC but not after nitrous acid treatment suggests that a-DG could be a CSPG (Mook-

Jung, 1995). 

To further explore this possibility, we used IIH6- or laminin-Sepharose beads to 

precipitate the CSPG from cell supematants and tested for the presence of a-DG on 

blots containing the sulfate-Iabelled band. Consistent with previous work (Mook-Jung, 
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Figure 4.2 Effect of chondroitinase ABC lyase on the profile of GAGs from C2 

myotubes. Cells were sulfate-labelled for 12 h in the presence or absence of 

chondroitinase ABC lyase (Case) obtained from either Sigma chemical Co. (catalog no. 

C2905) or Seikagaku Corp. (catalog no. 100330). Subsequently, GAGs were harvested 

and separated on the basis of charge on a Mono-Q ion-exchange column. Chondrotin 

sulfate started eluting at 22 ml on control preparations. 
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Figure 4.3 Effect of high doses of Seikagaku chondroitinase ABC lyase on AChR 

clustering. Cultures were treated with nothing (blank columns), or with either 0.2 

U/ml or 2.0 U/ml of Seikagaku chondroitinase either every 12 h (hatched 

columns) or every 24 h (filled columns) for 48 h prior to fixing the cells. In some 

cultures, -500 pM agrin was added for the last 24 h. Values are from one 

representative experiment and represent the mean number of AChR clusters per 

field of view (lOOx) from 25 fields taken from one culture. 
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1995), a sulfate-labelled band resembling a-DG, as judged from SDS-PAGE, 

consistently appeared at >120 kD. Also consistent with the previous work, the band 

completely disappeared in response to treatment with chondroitinase ABC lyase when 

IIH6 was used to immunoprecipitate (Fig. 4). Interestingly, the band was also 

completely abolished when laminin was used to affinity-precipitate it (Fig. 4), in 

contrast to the earlier work, where laminin precipitation did not abolish the band but 

only lowered it by -20 kD (Mook-Jung, 1995). Nevertheless, we could not detect a-DG 

on blots containing the precipitates from cell supematants and probed with IIH6, 

laminin, or agrin. The three probes specifically bound to a band from whole cell 

extracts of rabbit skeletal muscle having the molecular weight (-156 kD) and 

heterogeneity of rabbit skeletal muscle a-DG (data not shown), indicating that the 

probes were effective. 

Cell supematants are very dilute. Sulfate label is easily detectable on blots 

because autoradiography amplifies die signal tremendously. By contrast, one might not 

expect to detect a-DG on Western blots or overlay assays. We thus used IIH6- or 

laminin-Sepharose beads to precipitate a-DG from whole cell extracts instead of cell 

supematants and tested for the presence of a-DG on blots. Different lanes on SDS-

PAGE blots containing IIH6-immunoprecipitates were probed with either a monoclonal 

antibody to CS (Sigma, catalog number C-8035), or with the monoclonal anitibodies to 

a-DG VIA4-I or Fp-B. In one experiment, we detected binding of the three probes to 

the three respective lanes; binding was restricted to a band above 120 kD that exhibited 

similar heterogeneity on the three lanes (Fig. 5). Stripping and reprobing the blot 

revealed that all three probes bound to all of the three lanes, demonstrating that a-DG 

and the CSPG ran at the same molecular weight and with the same heterogeneity on 

SDS-PAGE. Nevertheless, this result was not reproducible. On four other ocassions. 
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Figure 4.4 Autoradiograph of IIH6 and laminin precipitates from cell supematants. 

Sulfate-labelled extracts of cell supematants were iramuno- or affinity-precipitated with 

IIH6 antibody or with laminin, respectively. Precipitates were incubated in the presence 

or absence of Seikagaku chondroitinase ABC lyase (Case), run on SDS-PAGE, and 

transferred to nitrocellulose membranes. Blots were subsequently autoradiographed. 
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Figure 4.5 Western blot of IIH6 immunoprecipitates from whole cell extracts. Whole 

cell extracts were immunoprecipitated with IIH6, run on SDS-PAGE, and transferred to 

nitrocellulose membranes. Blots were then probed with VI A^-l (A), anti-CS antibody 

(B), or Fp-B (C), and subsequently with HRP-conjugated secondary antibodies. 
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where the same protocol was followed, the presence of a-DG could be detected using 

VIA4-I and Fp-B as probes, but anti-CS staining was absent Moreover, in lanes that 

had been probed with anti-CS first and showed a negative signal, the presence of a-DG 

could be detected as judged from stripping and reprobing the blots with either VIA^-1 

and Fp-B (data not shown). Dot blots of commercially available shark CS (Sigma) 

showed a positive signal when probed with the anti-CS antibody, indicating that the 

antibody was effective. These results show that a-DG is not a CSPG but that it might 

associate weakly with one. 
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DISCUSSION 

Previous studies using cultured muscle have suggested roles for a-DG and for 

CS in the aggregation of AChRs (Sealock and Froehner, 1994; Fallon and Hall, 1994; 

Mook-Jung et al., 1993; Mook-Jung and Gordon, 1995). The possibility that a-DG is a 

PG, in particular, a CSPG (see Introduction), led us to hypothesize that the binding of 

agrin or laminin or both to a-DG might be mediated by CS chains on a-DG, and that 

this interaction is necessary for agrin-induced AChR clustering. 

Several observations are consistent with this. First, the interaction between 

a-DG and agrin or laminin requires glycosylation of a-DG (Ibraghimov-Beskrovnaya 

et al., 1992; Ervasti and Campbell, 1993; Bowe et al., 1994; Campanelli et al., 1994; 

Gee et al., 1994; Sugiyama et al., 1994). Second, Ca** is required for the interaction, 

and Ca"^ often mediates GAG-protein interactions (Amott and Mitra, 1984). Third, 

globular (G) domains can bind GAGs (Ott et al., 1982; Yurchenco et al., 1993). G 

domains in laminin mediate binding to a-DG (Gee et al., 1993) and in agrin are thought 

to act similarly. Fourth, S27 myotubes synthesize a-DG that is smaller than normal and 

whose binding to agrin is greatly diminished (Sugiyama et al., 1994). On the other 

hand, results from groups working with both muscle and brain dystroglycan do not 

favor the idea that a-DG is a PG. The mobility and laminin-binding properties of a-DG 

in muscle are not affected by treaunent with chondroitinases, heparatinases, or 

keratanases (Ervasti and Campbell, 1993; Bowe et al., 1994; Gee et al., 1993; 

Smalheiser, 1993). Agrin binding to muscle a-DG is likewise not affected by treatment 

with specific GAGases, including chondroitinase (Bowe et al., 1994). In the latter 

study, no mention is made of the effectiveness of the enzyme used, so the result must be 

viewed with caution. 
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EfYectivness of chondroitinase ABC 

Our hypothesis was disproven when we found that chondroitinase ABC from 

Seikagaku Corp. did not inhibit either spontaneous or agrin-induced AChR clustering, 

in disagreement with previous work from our group in which the enzyme had been 

purchased from Sigma Chemical Co. (Mook-Jung and Gordon, 1995; Mook-Jung, 

1995). The two classes of chondroitinase ABC bear the same EC number (4,2,2,4), but 

they differ in two ways. First, they are not synthetic, but collected from bacterial 

cultures (Proteus vulgaries). Second, they are processed differently upon collection. 

The Seikagaku chondroitinase has less BS A added as carrier, only trace levels of other 

proteins, and no protease activity (Catalog; personal comm., Seikagaku Corp. 

representative). The Sigma chondroitinase, on the other hand, contains 35% protein 

(mostly BSA) and protease activity (Catalog; personal comm., Sigma Chemical Co. 

representative). Thus, the effectiveness of Sigma chondroitinase in inhibiting AChR 

clustering was likely due to the presence of a "contaminating" protease or glycosylase 

activity. 

What the contaminating activity might be remains to be resolved. The same 

type of enzyme (EC 4,2,2,4) from Sigma Chemical Co., but sold under a different 

catalog number (C3667) because of its lower protein content (10%) and virtual lack of 

protease activity, did not inhibit spontaneous or agrin-induced AChR clustering (data 

not shown), suggesting that a contaminating activity arose from differential processing 

of the enzyme. The contaminating activity would probably not be a generic protease(s), 

given that the Sigma chondroitinase was still fully active in inhibiting clustering even in 

the presence of 1 mg/ml bovine serum albumin. One possibility is that the 

contaminating activity is a novel subtype of chondroitinase. Consistent with this. 
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digestion of CS was more pronounced using Sigma chondroitinase. Although the 

enzyme's activity is against CS A, B, and C, other types of CS (for instance, CS D) may 

exist that have not been discovered and that may be crucial for AChR clustering. In 

addition, subpopulations of CS A, B, or C could be modified such that they become 

resistant to treatment with chondrotinase. If so, it is conceivable that lyase activities 

against these undiscovered or modified types of CS could go undetected by standard 

methods of chromatography and are present only in the class of Sigma chondroitinase 

that inhibits AChR clustering. One way to test this possibility is to determine the extent 

to which two tteatments, high concentrations of the Seikagaku chondroitinase or the 

Sigma chondroitinase that did not inhibit clustering, digest CS. Neither of these 

treatments inhibited spontaneous or agrin-induced clustering. Were they to completely 

digest CS but not inhibit clustering, the results would argue against the contaminating 

activity being a subtype of chondroitnase. 

Noteworthy is that the Sigma chondroitinase that inhibited clustering was more 

potent in the present study than in previous work from our group (Mook-Jung and 

Gordon, 1995; Mook-Jung, 1995), with full inhibition of clustering evident in response 

to only 12 h of treatment vs. 48 h in the previous work. Therefore, the effectiveness of 

the enzyme used in a given experiment may vary in terms of CS digestion and cluster 

inhibition depending on the preparation used. The reason for this variability remains to 

be resolved. 

In addition, CS may modulate the process of clustering so as to cause changes in 

cluster size, morphology, or both. We failed to see any strikingly evident changes in the 

morphology or size of AChR clusters in response to the two chondroitinase classes that 

did not affect cluster frequency. However, we cannot rule out the possibility that 

subtler changes occured which would become evident only after systematic analysis. 
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Role of g-DG in AChR clustering 

Whereas CS may not play a crucial role in clustering, a-DG clearly does. 

Toward the beginning of this study, whether a-DG forms part of the agrin signaling 

receptor was controversial, but several findings have since weakened the evidence for 

a-DG's role in agrin-induced clustering, and instead, indicate that a-DG is an abundant 

binding molecule for agrin (for reviews, see (Sealock and Froehner, 1994; Fallon and 

Hall, 1994; Henry and Campbell, 1996). a-DG binds to inactive, muscle agrin isoforms 

equally or better than it binds to active, neural agrin isoforms (Sugiyama et al., 1994; 

Gesemann et al., 1996; Bowen et al., 1996). In addition, a C-terminal recombinant 

fragment of agrin that lacks the high-affinity a-DG-binding region still binds myotube 

membranes and possesses clustering activity. Conversely, a fragment that contains the 

a-DG-binding region but lacks the very C-terrainal portion of the protein binds a-DG 

but does not induce clustering (Gesemann et al., 1995; Gesemann et al., 1996; Hopf and 

Hoch, 1996). In these studies, however, the extent of cluster induction decreases when 

the agrin fragment used lacks the a-DG-binding region, suggesting that although it may 

not be required, a-DG facilitates agrin-induced clustering. 

One idea to explain how a-DG could faciliate clustering is that a-DG acts as a 

high-abundance, low-affinity receptor that presents agrin to a low-abundance, high-

affinity, signaling receptor. Recent work suggests that Muscle Specific Kinase (MuSK) 

transduces the response to agrin (Valenzuela et al., 1995; De Chiara et al., 1996; Glass 

et al., 1996). Interestingly, MuSK does not bind agrin directly; an unidentified 

"myotube-associated specificity component" (MASC) is required (Glass et al., 1996). 

One possibility is that MASC is a subtype of a-DG. Alternatively, a-DG could simply 

concentrate agrin in the basal lamina and perhaps aid, but not be an essential player, in 
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the presentation of agrin to its functional receptor. 

Another possibility as to how a-DG may regulate clustering is that it serves as a 

structural scaffold component involved in the growth and stabilization of AChR 

clusters. The dystrophin-glycoprotein complex (DGC) to which a-DG belongs (Ervasti 

and Campbell, 1991) is thought to serve as a transmembrane link between the cortical 

cytoskeleton and the extracellular matrix. p-DG, a transmembrane protein, binds 

dystrophin intracellularly and a-DG extracellularly (Ervasti and Campbell, 1991). In 

turn, dystrophin interacts with F-actin (Rybakova et al., 1996) and a-DG with the 

laminin family of proteins (Ibraghimov-Beskrovnaya et al., 1992; Ervasti and Campbell, 

1993). The DGC is distributed throughout the sarcolemmal membrane (Ohlendieck et 

al., 1991), but at the tops of the folds of the NMJ, an autosomal homologue of 

dystrophin, utrophin, replaces dystrophin (Tinsley et al., 1992 ;Matsumura et al., 1992; 

Ohlendieck et al., 1991), supporting a role for the utrophin-containing DGC in syanpse 

formation. Consistent with such a role, a-DG codistributes with AChRs in neurite- and 

agrin-induced clusters on chick and Xenopus muscle cultures (Nastuk et al., 1991; 

Cohen et al., 1995), and in developing Torpedo electrocytes (Cartaud et al., 1998). 

Rapsyn, a cytoplasmic peripheral membrane protein that completely 

codistributes with AChRs in vivo (Froehneret al., 1981; Sealocket al., 1984), could be 

the link, via p-dystroglycan, between the AChR and the cytoskeleton. Rapsyn induces 

clusters of either AChR or DG when coexpressed with one or the other molecule in 

quail fibroblasts, but DG codistributes with AChRs only when rapsyn is also expressed 

(Apel et al., 1995). In additon, rapsyn and p-DG can be cross-linked in situ and can 

bind in vitro (Cartaud et al., 1998). Given rapsyn's crucial role in clustering (Gautam 

et al., 1995); (Apel et al., 1997), an interaction between rapsyn and the DGC could 

imply an equally important role for the DGC. However, the structural role that the 
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DGC may play in clustering is not crucial, as indicated by the recent findings that 

dystrophin and utrophin double knock-out mice have only moderately affected NMJs 

(Deconinck et aL, 1997; Grady et al., 1997). 

Association of a-DG with a CSPG 

Determining the nature of the carbohydrate moieties implicated in the binding of 

agrin and laminin to a-DG is of great interest because of a-DG's involvement in AChR 

clustering and also because an interaction between agrin or laminin and a-DG is 

implicated in biological functions other than synaptic aggregation, both in muscle and in 

other tissues (for review, see Matsumura et al., 1997). Although extensive carbohydrate 

analysis of a-DG has been difficult due to its low abundance in native tissues, many 

features have been characterized (see Ervasti et al., 1997). Relevant to a role for an 

interaction between agrin or laminin and a-DG in synaptogenesis, muscle a-DG 

expresses terminal N-acetylgalactosamine (GalNAc) residues, as judged from staining 

with the GalNAc-specific lectin Vicia villosa agglutinin (VVA-B4; Ervasti et al., 1997). 

Muscle-specific GalNAc terminal residues and N-acetylgalactosaminyl transferase, 

which transfers GalNAc to oligosaccharaide chains (Balsamo et al., 1986), are localized 

at vertebrate NMJs and are implicated in AChR clustering (Sanes and Cheney, 1982); 

(Scott et al., 1988; Scott et al., 1990; Martin and Sanes, 1995). Consistent with this, the 

presence of GalNAc on a-DG on blots is revealed only after digestion with sialidase 

(Ervasti et al., 1997). Moreover, treatment of cultured C2 myotubes with 

neuraminidase to remove sialic acid causes a significant increase in the frequency of 

AChR clusters (Martin and Sanes, 1995). Several findings do not agree with an 

involvement of GalNAc in the molecular interaction between a-DG and agrin or 
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laminin, however. First, excess WA-B4 does not affect laminin binding to a-DG 

containing exposed GalNAc (Ervasti et al., 1997). Second, a C-terminal, recombinant 

fragment of neuronal agrin (C-Agy^^ does not bind GalNAc-agarose or WA-B4 

(Martin and Sanes, 1995). Third, agrin and laminin bind a-DG equally well regardless 

of whether terminal GalNAc residues are exposed (Sugiyama et al., 1994; Gesemann et 

al., 1996; OToole et al., 1996). These results must be viewed with caution, however, 

given that molecules can interact differently on native vs. nonnative conditions. 

Additionally, carbohydrates often need to be presented in high-avidity fashion to bind 

their receptors. This may also be true for GalNAc, as suggested by the observation that 

soluble GalNAc does not inhibit agrin-induced clustering but GalNAc made multivalent 

by conjugation to BSA does (Martin and Sanes, 1995). 

To test the possibility that agrin or laminin bind to a-DG via CS, we first tested 

for the presence of CS on a-DG. Our results that a CSPG consistently precipitated with 

a monoclonal antibody to a-DG (IIH6) and with laminin from cell supematants agreed 

with previous work (Mook-Jung, 1995) and suggested that a-DG might be a CSPG or 

that it might associate with one. The absence of a-DG from cell supematants could 

easily have been due to low amounts of the protein there. However, we also observed 

that anti-CS staining was mostly absent on Western blots of IIH6 and laminin 

precipitates from cell extracts, wheras a-DG staining was consistently present, 

suggesting that the CSPG is a separate molecule that associates with a-DG only in the 

cell layer. In brain, a-DG closely associates with a highly acidic glycoprotein of 

similar size (Smalheiser and Collins, 1992). The deduced amino acid sequence of an 

isolated cDNA clone of this a-DG-associated molecule represents a portion of a novel 

protein (Cribbs and Smalheiser, 1991); thus, the CSPG we observed could be this novel 

molecule. To begin testing this possibility, one could use the monoclonal antibody 
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MAb#4 to the unidentified protein to ask whether the presence of the antigen and CS 

correlate. 

An alternative, intriguing idea is that a-DG is a "part-time" CSPG. Following 

up on the idea that a-DG bearing terminal GalNAc residues may be restricted to the 

synapse (Ervasti et al., 1997; see above), it is tempting to speculate that the GalNAc 

residues on a-DG reside on CS, given that CS contains GalNAc. This would possibly 

explain why we did not consistendy observe anti-CS on Western blots; the anti-CS 

antibody may have recognized only a-DG containing exposed GalNAc residues. It 

would thus be of interest to probe a-DG blots with anti-CS after digestion of sialic acid, 

or to treat myotube cultures with the GalNAc transferase catalytic substrate UDP-

GalNAc or with agents that induce clustering. Were the presence of WA-B4 to 

correlate with the presence of CS staining on blots, and the frequency with which the 

staining were present to increase in response to the abovementioned treatments, the 

results would be consistent with the idea that a-DG as a "part-time" CSPG plays a 

crucial role in clustering. One could then test for the requirement of GalNAc on a-DG 

in the binding of agrin or laminin. 

In conclusion, our results suggest that CS is not involved in AChR clustering, 

and that a-DG is not a CSPG. However, these issues deserve more extensive 

investigation. In particular, a carbohydrate moiety similar to CS may still play an 

important role. In addition, the role of a-DG and the identification of the carbohydrate 

moieties involved in the interaction between agrin or laminin and a-DG remain to be 

elucidated. 
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Discussion 
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Agrin disrupts preexisting AChR clusters 

The findings in chapters Two and Three clearly show that neuronal agrin can 

cause a disruption of preexisting AChR clusters on C2 rayotubes. A disruption of 

preexisting postsynaptic assemblies occurs at the neuromuscular junction (NMJ) during 

the process of synaptic competition (Rich and Lichtman, 1989; Balice-Gordon and 

Lichtman, 1990; Culican et al., 1998). Synaptic competition occurs among functional 

inputs in many parts of the developing nervous system in addition to the NMJ and is 

thought to underlie the gradual refinement that results in the precise pattern of 

connections characterizing the adult nervous system (see Shatz, 1990, Lichtman, 1995). 

Even in the adult PNS and CNS, changes in synaptic architecture are associated with 

physiological processes such as aging, and memory and learning (see Sutula et al., 

1992; Wemig and Herrera, 1986). Because the mechanisms underlying synaptic 

competition and remodelling are thought to be conserved (Shatz, 1990), our findings 

suggest that agrin, by disrupting unwanted postsynaptic assemblies, may contribute to 

mediating synaptic competition and remodelling in both the PNS and CNS. 

The idea that agrin can disrupt preexisting AChR clusters was first suggested 

with the finding that agrin immunoreactivity on former neuritic pathways correlates 

with the absence of AChR clusters on muscle ceil surface that is not in contact with 

agrin-immunoreactive sites (Cohen et al., 1995). In these results, however, the 

inhibition of clustering away from sites of agrin presence could result from the action of 

a molecule(s) other than agrin. A simple experiment to test agrin's importance in this 

system would be to add functional antibodies to neuronal agrin. Were antibodies to 

agrin—but not to other molecules found on the former neuritic pathways—to inhibit the 

disruptive effect, the result would more directiy support the idea that agrin disrupts 
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preexisting AChR clusters at a distance. Further contributions to the evidence 

supporting a disruptive action by agrin include the reports, from two different groups, 

that addition of a soluble fragment of neuronal agrin inhibits the formation and survival 

of conspicuous AChR clusters on Xenopus muscle cells (Daggett et al., 1996; Cohen et 

al., 1997). However, neither of these studies provides a quantitative assessment of 

agrin's disruptive action. Thus, this dissertation contributes the first quantitative 

analysis done to test agrin's ability to disrupt preexisting AChR clusters and to inhibit 

the formation of new clusters. 

We followed two approaches to test agrin's disruptive ability. In the first, a 

soluble, recombinant, C-terminal fragment of agrin was bath-applied to myotubes for 

different times. This approach relied on two facts: 1) that agrin induces AChR clusters 

that are relatively small when viewed within the first few hours (~l-4) of application 

(Wallace, 1988; Ferns et al., 1996); and 2) that spontaneously-formed clusters vary in 

size and the size distribution contains a many clusters much larger than those induced 

by agrin at early times. According to this, a reduction in the frequency of larger clusters 

in response to agrin at early times would imply a disruption of large preexisting clusters. 

The results in Chapter Two show that such a reduction in the frequency of larger 

clusters occured. The second approach taken to test agrin's disruptive ability was to 

apply agrin locally and see how this affected the frequency of clusters that were situated 

at a distance from the site of local agrin presentation. Our results using this approach 

(Chapter Three) strengthened the evidence indicating that agrin can cause the 

elimination of preexisitng clusters; the incidence of clusters was lower in myotubes that 

were exposed to focally-presented agrin than in control myotubes. The results, then, 

serve-to the best of our knowledge~as the first quantitative work demonstrating that 

agrin disrupts preexisting AChR clusters on cultured myotubes. 
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Mechanism underlying a^rin-induced disruption of clusters 

How does agrin cause the disruption of preexisting AChR clusters? We 

proposed two broad classes of mechanisms to explain agrin's disruptive action. In the 

"passive" model of disruption, agrin activates a signaling mechanism that leads to 

clustering at the site of local agrin presentation. Because factors exist on the myotube 

cell surface or in the cytoplasm or both that are limiting to the formation or maintenance 

of a cluster, clusters passively compete for limiting resources, and the less stable 

clusters eventually dissipate as their limiting resources become exhausted. In the 

"active" model, agrin stimulates a second pathway different from the one employed in 

local clustering that causes the disintegration of preexisting clusters. 

Agrin binding to the cell surface 

The nature of the receptor system associated with agrin-induced clustering is 

unclear but is thought to be a molecular complex that includes MuSK (Glass et al., 

1996). According to the passive model of cluster disruption, agrin binding to this 

receptor system would lead to both cluster induction and disruption. In an active 

mechanism, however, agrin would drive a second pathway with perhaps a separate 

signaling receptor system. Several cell surface molecules interact, directiy or indirectly, 

with agrin and could thus form part of a novel receptor signaling system involved in 

cluster disruption. These include a-DG (Campanelli et al., 19943owe et al., 1994; Gee 

et al., 1994; Sugiyama et al., 1994), heparan sulfates (Campanelli et al., 1996; OToole 

et al., 1996), the neural cell adhesion molecule (N-CAM; Cole and Halfter, 1996), 

N-acetylgalactosamine-terminated glycoconjugates (Martin and Sanes, 1995), the 
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heparin-binding growth factor HB-GAM/pleiotrophin (Daggett et al., 1996); and 

integrin (Martin and Sanes, 1997). The antagonistic activities of agrin might result from 

interactions with different cell-surface binding molecules. As evidence for one receptor 

system that may act in parallel to the MuSK system, Martin and Sanes showed that 

integrins mediate adhesion of agrin to non-muscle cells, and that agrin-induced 

clustering is inhibited by antibodies to the p 1 and av integrin subunits, by antisense 

oligonucleotides to av, and by a peptide that blocks the av binding site (Martin and 

Sanes, 1997). Thus, agrin may cause cluster induction or disruption by binding to one 

or more receptor systems. 

The extent of agrin's actions may depend on how agrin is presented to the cell 

surface. In the soluble agrin assay, we used a C-terminal fragment that presumably 

acted uniformly throughout the myotube cultures. On the other hand, in the cell-

attached assay, agrin was full-length, although it did not contain an N-terminal 

extension that Denzer et al. (1995) recently discovered, and was presented to the cell 

surface at high local concentration. Agrin is a -400 kD proteoglycan (Tsen et al., 1995; 

Denzer et al., 1995) that is purified as differently-sized fragments (Godfrey et al., 1984; 

Nitkin et al., 1987). Studies using soluble recombinant constructs of agrin indicate that 

cluster number and size can vary depending on what portion of agrin is used. For 

example, C-terminal fragments as small as -20 kD can induce clustering, but larger 

C-terminal fragments induce clustering to a larger extent (Gesemann et al., 1995). Also, 

an amino-terminal extension that is required for the secretion of chick agrin and its 

binding to extracellular matrix does not influence the frequency of agrin-induced 

clusters but causes clusters to be smaller (Denzer et al., 1995). This raises the 

possibility that different portions of the agrin molecule may mediate the formation or 

disruption of AChR clusters. In addition, the concentration at which agrin is presented 
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to the cell surface may affect the extent of agrin's actions. For instance, high, localized 

concentrations of agrin may activate receptor systems that are responsive only to ligand 

that is presented at high concentration; alternatively, such densely packed agrin could 

interact with cell surface or extracellular molecules to alter the structural scaffold 

underpinning AChR clusters, affecting the extent of clustering without necessarily 

activating a signaling pathway. It is thus important to consider the mode of agrin 

application when studying mechanistic processes. 

The activity of a particular agrin isoform may depend on how agrin is presented 

to the cell surface. This is certainly true for agrin-induced AChR clustering. Soluble 

fragments of agrin markedly induce clustering only if the agrin isoform contains the 

C-terminal inserts that characterize neuronal agrin (y = 4, z = 8; Ruegg et al., 1992; 

Tsim et al., 1992; Ferns et al., 1992; Ferns et al., 1993). In contrast, full-length agrin 

associated with the cell surface of CHO cells expressing it induces clustering on C2 

myotubes regardless of isoform (Ferns et al., 1992; Ferns et al., 1993). Using soluble 

agrin, we found that the nonneuronal isoform C-Agyo^ did not disrupt preexisting 

clusters. We could not test the disruptive ability of insoluble agriUyo^ because CHO 

cells expressing the isoform were not avialable. The results from such an experiment 

would not have distinguished between passive and active mechanisms of disruption 

given that the mechanism underlying local induction may differ for neuronal and 

nonneuronal isoforms. For example, nonneuronal agrin could cause local clustering by 

cross-linking molecules other than the limiting factor(s) implicated in a passive model 

of cluster disruption. In this case, the absence of disruption would not necessarily 

implicate an active mechanism. 

As a step toward determining which receptor systems support agrin-induced 
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disruption, one could test for the requirement, in the disruption process, of molecules 

known to interact with agrin. For instance, integrin has no effect on spontaneous 

clusters on C2 myotubes but modulates agrin-induced clustering (Martin and Sanes, 

1997). One could then ask whether, for example, antibodies to integrin inhibit agrin's 

disruptive effect Preferential inhibition of induction, but not disruption, of clusters 

would suggest that integrin is not involved in the disruptive process, and would further 

argue for an active model of disruption. One could also, for instance, test for a 

requirement of agrin binding to a-DG in the disruption process, by using agrin 

constructs that induce clustering but do not bind a-DG (Gesemann et al., 1995; 

Gesemann et al., 1996; Hopf and Hoch, 1996). Inhibition of disruption (but not 

induction) would suggest a role for a-DG in the disruptive process. 

Signaling downstream of cell-surface binding 

In agrin-induced clustering, an interplay between tyrosine kinases and 

phosphatases is required (Wallace et al., 1991; Wallace, 1994; Wallace, 1995). Studies 

of the membrane extractability and mobility of AChRs in the presence of tyrosine 

kinase and phosphatase inhibitors demonstrate that phosphorylation causes AChRs to 

become immobilized on the membrane while dephosphorylation causes the opposite 

result (Wallace, 1994; Wallace, 1995). This suggests the possibility that cluster 

induction and disruption are mediated by phosphorylation- and phosphatase-based 

mechanisms, respectively. Consistent with this, tyrosine phosphatase inhibitors prevent 

nerve- and bead-induced disruption of clusters, and a constitutively active phosphatase 

is sufficient to cause cluster disruption (Peng and Dai, 1998). In a passive mechanism 

of disruption, a stronger degree of phosphorylation-mediated anchoring in agrin-

induced vs. in spontaneous clusters would lead in time to a shift toward clusters being 
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agrin-induced. A simple active mechanism involves the local production of a diffusible 

phosphatase at the site of MuSK activation. Locally, kinase activity would overcome 

phosphatase activity, so AChRs would remain anchored. At a distance, the lack of high 

kinase activity would render AChRs susceptible to phosphatase-mediated deanchoring. 

As a result, receptors would become mobilized only to become "trapped" upon 

contacting the localized MuSK area containing high kinase activity. 

Another possibility is that different kinase systems, activated ultimately by 

MuSK, mediate induction and disruption independently. One candidate for a 

"disrupting" kinase is protein kinase C (PKC). The phorbol ester TP A, an activator of 

PKC (Nishizuka, 1984), inhibits agrin-induced clustering in a dose-dependent manner 

and accelerates the disappearance of clusters in cultures from which agrin has been 

removed (Wallace, 1988). A PKC-based mechanism would implicate Ca** as a second 

messanger since PKC activation requires Ca*^. Consistent with this, Ca^ is required for 

both neurite- and agrin-induced clustering (Henderson et al., 1984; Wallace, 1988), and 

the source of this required Ca"" is, at least in pan, intracellular (Megeath and Fallon, 

1998). Ca*"^ could act in many ways. In an active mechanism, Ca** could propagate a 

disruptive signal throughout the cell quickly. Peng and Phelan (1984) suggest the 

possibility that clusters associated with a local stimulus (whether this be nerve, agrin, or 

latex beads) could be protected from a Ca'^-mediated, disruptive effect via the local 

sequestration of Ca"^. They observe a system of smooth endoplasmic reticulum 

resembling the sarcoplasmic reticulum at sites of bead-induced AChR clustering. 

We were unable to test for kinase or phosphatase activity in agrin-induced 

cluster disruption (Chapter Two) because inhibitors to both activities disrupted even 

spontaneous clusters. Nevertheless, others have used the same inhibitors in other 

species with no effect on spontaneous clustering (Wallace, 1994; Peng and Dai, 1998). 
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Repeating the experiments using these other systems would be of interest as a possible 

way to distinguish between active and passive models of cluster disruption. For a 

passive mechanism, one would expect that both kinase and phosphatase activities would 

be required for cluster disruption because both activities are necessary for cluster 

indution. By contrast, both of the activities would not necessarily be required in an 

active mechanism. Using Xenopus muscle cells, Peng and colleagues have shown that 

kinase and phosphatase inhibitors prevent both induction and disruption of clusters 

caused by either beads or nerve (Peng et al., 1993; Baker and Peng, 1993; Peng and Dai, 

1998). Whether agrin-induced disruption likewise requires both activities remains to be 

resolved. 

A phosphorylation/phosphatase-based mechanism would be based on a dispersal 

of AChRs from preexisting clusters. However, agrin could conceivably disrupt AChR 

clusters by decreasing their density on the cell surface, whether it be through a decrease 

in synthesis rate or an increase in degradation rate. This is unlikely given that agrin 

added for long periods (>8 h) has no effect on AChR density (Godfrey et al., 1984), and 

that bead-induced clustering, which presumably works like agrin to disrupt clusters, 

likewise does not affect AChR density (Peng, 1986). The density of other molecules 

may nevertheless decrease and lead consequently to cluster disruption. It would thus be 

of interest to study how agrin affects the density of, e.g., MuSK, or rapsyn, in relation to 

cluster disruption. 

In general, one may follow a systematic approach in trying to distinguish a 

passive from an active mechanism of cluster disruption. One may employ agents, like 

kinase and phosphatase inhibitors in some species, that do block agrin-induced 

clustering but do not affect spontaneous clusters and ask whether disruption proceeds. 

Here, the presence of disruption would favor an active model. Following this 
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reasoning, we tested heparin's ability to disrupt clusters and found that heparin did not 

inhibit agrin-induced disruption, favoring an active model of disruption. Similarly, one 

can use agents that affect neither agrin-induced nor spontaneous clustering and ask 

whether cluster disruption proceeds. For instance, blocking activity through the AChR 

with a-bungarotoxin has no effect on spontaneous or neurite-induced clustering 

(Anderson and Cohen, 1977; Frank and Fischbach, 1979; Moody-Corbett and Cohen, 

1982; Kuromi and Kidokoro, 1984). Similarly, blocking protein synthesis (at least for 

short periods) has no effect on spontaneous or agrin-induced clustering (Wallace, 

1988). According to the passive model of cluster disruption, the same blockers would 

not inhibit disruption; the opposite result (inhibition of disruption) would thus favor an 

active mechanism. 

Using time-lapse or real-time imaging and local application of agrin would 

greatly aid in determining the mechanism underlying agrin's disruptive action because it 

would permit careful analysis of the process in time and space. For instance, one could 

first measure the rates of formation and disappearance of spontaneous clusters and from 

this determine an average rate of disruption. One could then measure rates of disruption 

as a function of time and as a function of distance from the site of agrin application. 

According to a passive mechanism, disruption rates, at least at early times after agrin 

addition, would be inversely proportional to distance from the site of agrin contact, 

resembling at longer distances disruption rates characteristic of spontaneous clusters. If, 

instead, disruption rates were independent of distance from agrin-contact site, an active 

model would be favored. 

Examining the disuibution of molecules other than the AChR could reveal 

aspects of the disruption mechanism that would otherwise be overlooked. Dai and Peng 

(1998) observed, for instance, that in response to bead-stimuli, the cytoskeletal elements 
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dystrophin and focal adhesion kinase remain at clusters where staining disappears for 

AChRs, rapsyn, and phosphotyrosine. Likewise, staining for heparan sulfate 

proteoglycan persists following nerve-induced disappearance of preexisting AChR 

clusters (Anderson et al., 1984). Moreover, AChR clusters that are disrupted with 

sodium azide treatment can reform upon removal of the drug, and a significant niunber 

of these clusters reform at original sites (Bloch, 1979). These observations are 

consistent with a mechanism whereby membrane-associated molecules, like the AChR 

and rapsyn, are highly dynamic, capable of attaching to and detaching from a stabilizing 

molecular scaffold that comprises cytoskeletal as well as extracellular matrix 

components linked via membrane-spanning elements. The dynamics of AChR 

distribution could account in part for the functional synaptic plasticity that occurs in 

response to differing physiological demands (Wemig and Herrera, 1986). The 

dysuroglycan complex (Ervasti and Campbell, 1991) may provide a link between the 

intra- and extracellular domains of a stabilizing molecular scaffold. Following the fate 

of synaptic molecules other than the AChR, in untreated or agrin-treated cultures, would 

thus provide insight into the role that these other molecules play during cluster 

formation and disruption. 

In addition, close examination of cluster morphology may help distinguish 

between the passive and active models. The way in which AChR clusters disappear 

spontaneously and in response to agrin should not differ markedly if the mechanism is 

strictly passive. Addition of high concentrations of agrin to Xenopus muscle cells 

results in an apparent elimination of previously present, large AChR clusters and a 

concurrent increase in microaggregates; interestingly, addition of low concentrations of 

agrin reveals that large clusters often appear as dissipating clusters rather than numerous 

microaggregates G^aggett et al., 1996). Whether spontaneously formed Xenopus 



125 

clusters dissipate similarly, and whether the morphology of clusters—both spontaneous 

and agrin-induced~as they form and disappear is similar among species remains to be 

resolved. 

In conclusion, although the mechanism(s) underlying agrin-induced disruption is 

not well understood, previous studies have provided clues. The fact that both soluble 

and insoluble agrin cause cluster disruption in culture strengthens the evidence in 

support of the idea that agrin could act similarly in vivo. However, the focal-

application assay is preferable because it better resembles physiological conditions than 

solubly-applied agrin and because, coupled with time-lapse or real-time imaging, it 

allows for stringent examiniation of the disruption process in both space and time. 

Agrin as mediator of synaptic competition 

The mechanism underlying the compedtion that occurs among synaptic inputs at 

the developing mammalian NMJ, whereby muscle fibers undergo a transition from 

multiple to single innervation, is not well understood (for reviews, see Van Essen et al., 

1990; Lichtman and Balice-Gordon, 1990). A well-established observation, however, is 

that AChRs disappear from beneath losing terminals before these losing terminals 

retract (Rich and Lichtman, 1989; Balice-Gordon and Lichtman, 1993; Culican et al., 

1998). In light of this and our finding that agrin disrupts preexisting AChR clusters, one 

can envision a simple scenario whereby the terminal expressing the most agrin would 

dominate a polysynaptic competition. 

In a passive model of cluster disrupdon with all else being equal, agrin 

concentration would determine the extent of local clustering and thus the extent of 

cluster disruption away from the local site. The first agrin molecules to bind to the 
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MuSK receptor-complex would activate the local-clustering pathway. This would lead 

to further aggregation of the MuSK receptor-complex and, in tum, agrin molecules 

previously found sequestered by the basal lamina would bind to the cell surface via the 

newly available signaling receptor-complexes, activating diem. Agrin would also 

confer stability to locally-induced clusters in a dose dependent maimer by, for instance, 

recruiting stabilizing scaffold molecules, such as laminin (Montanaro et aL, 1998), by 

conferring more resistance to protease activity (Biroc et al., 1993), and by increasing the 

degree of adhesivity to the basal lamina (Campagna et al., 1995). This regenerative 

process would continue for as long as the availability of clustering components were 

maintained. At this point, supposing two nerve terminals were competing, one 

postsynaptic density would have become more stable. The two terminals would 

continue to compete for limiting factors, now restricted to synaptic areas, so the less 

stable postsynaptic complex would eventually disappear. In addition, the lack of 

AChRs or other molecules beneath the losing nerve terminal may translate into a 

retrograde signal to decrease agrin secretion. Consistent with this idea, the expression 

of neuronal agrin mRNA significantly decreases in chick ciliary ganglia after 

postganglionic, but not preganglionic, axotomy (Thomas et al., 1995). Because agrin is 

adhesive for motor neurons (Campagna et al., 1995; Chang et al., 1997), the lack of 

agrin would contribute to terminal retraction. 

Agrin could similarly mediate synaptic competition and synapse elimination via 

an active mechanism of disruption. The extent of disruption would not necessarily be 

proportional to the extent of induction. For example, agrin addition at two different 

sites could cause the formation of two clusters, one small and one large, and at the same 

time activate a diffusible phosphatase at either cluster site with equal disruptive activity. 

The two processes being proportional, however, would provide a simple, effective 
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means of eliminating smaller, thus less stable, postsynaptic densities. 

Although, theoretically, agrin could be sufficient for mediating synaptic 

competition and subsequent synapse elimination, in practice, activity is critical. Muscle 

fibers that do not normally fire action potentials do not undergo synapse elimination 

(Lichtman et al., 1985; Lichtman and Wilkinson, 1987). Furthermore, raising activity 

levels experimentally leads to precocious synapse elimination (O'Brien et al., 1978; 

Thompson, 1983; Nelson et al., 1993) whereas inhibiting activity retards the process 

(Thompson, 1985; Blondetet al., 1989). More specifically, it is the relative activity 

levels of two competing axons that mediate synaptic competition. Focal postsynaptic 

blockade with a-bungarotoxin while leaving a substantial part of the junction unblocked 

causes the elimination of the blocked AChR density and, subsequentiy, of the overlying 

nerve terminal; however, blockade of the whole junction does not cause AChR 

elimination (Balice-Gordon and Lichtman, 1994). In these results, that active regions 

are necessary for elimination to occur suggests that active regions destabilize inactive 

regions. Competing terminals could thus be thought of as engaging in a battle to disrupt 

each other's postsynaptic assembly. As AChRs were lost from a given synapse, the 

efficacy of the overlying terminal would wane, eventually causing inputs that were less 

able to disrupt competing postsynaptic densities to lose the battle. Likewise, activity-

dependent positive feedback mechanisms could further accentuate the stability of the 

postsynaptic assembly beneath the winning terminal, so the most resistant assembly 

would determine the winner. Consistent with this model, intracellular recording from 

newborn and adult mouse muscle fibers temporarily innervated by two axons shows that 

retracting terminals lose functional neurotransmission gradually—before, during, and 

following actual structural loss of the nerve terminal-via a decrease in quantal content 

and quantal efficacy associated with AChR loss, whereas wirming terminals gain 
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synaptic strength via an increase in quantal content (Colman et al., 1997). 

How asynchronous activity patterns lead to disruption of AChR clusters is 

unclear. Preexisting receptors that are found beneath losing terminals disappear at a 

faster rate than those at sites not undergoing synapse elimination (Rich and Lichtman, 

1989). Therefore, if AChR loss is due to a decrease in insertion rate or an increase in 

degredation rate, the change would have to be localized to the area beneath losing 

terminals. Many hypotheses have been proposed, involving, among others, regulation 

of synaptic efficacy via retrograde signaling, trophic sustenance of synapses, 

postsynaptic proteolysis of synapses, and mediation by terminal Schwann cells (for 

review, see Nguyen and Lichtman, 1996). 

Agrin could complement activity-dependent competition in two general ways. 

First, agrin could contribute to the strengthening of the winning input by increasing and 

stabilizing the postsynaptic density. Recent experiments show that a specific loss of 

agrin-staining occurs at abandoned synaptic sites that lose AChR-staining at partially 

reinnervated frog NMJs, and where observed, agrin loss precedes AChR loss, 

suggesting a causal link between agrin and AChR disassembly (Werle and Sojka, 1996; 

Stanco and Werle, 1997). Second, as our results suggest, agrin could cause the 

disruption of AChRs and other molecules, e.g., agrin, from beneath competing 

terminals. Thus, an interplay between agrin-mediated stability locally and activtity- and 

agrin-induced disruption elsewhere could underlie synaptic competition. 

This interplay may explain discrepant results observed in innervated muscle or 

in response to electrical stimulation. For instance, decreasing synaptic activity during 

reinnervation delays the removal of both AChR and agrin from abandoned synaptic 

sites, in support of the hypothesis that synaptic activity controls a cellular mechanism 

that directs postsynaptic disassembly (Stanco and Werle, 1997); however, electrical 
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stimulation of denervated muscle does not alter agrin and AChR distribution, indicating 

that the muscle fiber action potential is not sufficient to direct the disassembly of the 

postsynaptic apparatus (Stanco and Werle, 1998). That agrin release is dependent or 

modulated by activity is suggested by the observation that agrin distribution in the 

synaptic cleft at the NMJ correlates with the arrangement of active zones (Schwartz et 

al., 1996). 

Using a reduced, muscle culture system to explore the competitive 

characteristics of agrin would aid in understanding the mechanisms underlying synaptic 

competition. One would need to consider the stability of the competing clusters as well 

as the potency of the applied agrin. The results using CHO cells expressing agrin 

(Chapter Three) can be interpreted in this light. For instance, disruption, although 

significant, was not complete. Moreover, clusters previously induced by soluble agrin 

were susceptible to disruption. These observations may reflect aspects of both the 

potency of the focally-applied agrin and the stability of clusters situated away from the 

site of contact Experimentally, one could attempt to examine the effect of cluster 

stability by determining the susceptibility of clusters to disruption by agrin on myotubes 

of different ages. Correlatve evidence exists suggesting that AChR clusters become 

more resistant to disruption with age. For instance, clusters are susceptible to 

treatments such as depletion of extracellular Ca^ in embryonic but not in neonatal 

primary muscle cultures (Bloch and Steinbach, 1981). Agrin would be expected to 

disrupt clusters in embryonic but not necessarily in neonatal cultures. Experimentally 

examining the effect of the potency with which agrin is presented to the cell surface 

may be technically more challenging. Applying agrin focally via CHO-cell expression 

is not optimal as one can control for neither the area of the locally-induced cluster nor 

agrin concentration. Coupling agrin to beads could be more informative as one could 
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vary bead size and agrin concentration per unit area of bead. Finally, coexisting nerve 

terminals are separated by a minimum distance, which is about 1-2 mm on mature 

muscle (Kuffler et al., 1977; Nudell and Grinnell, 1983), and about 130 nm on 

developing muscle fibers (Gordon et al., 1974). Therefore, if agrin-mediated 

competition could be mimicked in vitro as proposed above, determining agrin's 

effective range of influence would be of interest, to ascertain whether agrin could 

account, at least partly, for the refractory distance seen in vivo. 

Agrin may play similar roles as at the NMJ in synapse formation and synaptic 

remodelling in the CNS. The spatial and temporal patterns of agrin expression are 

consistent with this. Levels of agrin mRNA peak during periods of maximal 

synaptogenesis (Hoch et al., 1993; Thomas et al., 1993), and transcripts encoding 

clustering-active isoforms are widely distributed in brain (O'Connor et al., 1994). 

Furthermore, agrin immunoreactivity is detected in neuronal cells throughout the brain 

(Cohen et al., 1997), and in embryonic and adult retina, immunoreactivity of isoforms 

that have clustering activity is concentrated in synapse-containing layers (Kroger, 

1997). That MuSK and a-DG are expressed in brain furthermore suggests that agrin 

may effect its actions via similar mechanisms in the CNS and PNS (De Chiara et al., 

1996; Gee et al., 1993; Valenzuela et al., 1995). Recent experiments using neuronal 

cultures support the idea that agrin plays a crucial role in synaptogenesis in the CNS. 

Retinal and dorsal horn neurons in culture express agrin protein, and agrin mRNA 

expression precedes synapse formation; moreover, agrin immunostaining associates 

with staining for gephyrin (Escher et al., 1996; Mann and Kroger, 1996), the 

postsynaptic glycme and GAB A receptor-associated protein that is thought to play a 

role similar to rapsyn at the NMJ (Triller et al., 1985; Cabot et al., 1995; Meyer et al., 

1995; Craig et al., 1996). Finally, induced seizures cause rapid and prolonged 
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upreguladon of agrin mRNA in adult rat hippocampus (O'Connor et al„ 1992; Cohen et 

al., 1997), suggesting that agrin may contribute to the synaptic structural modifications 

associated with functional synaptic plasticity in the CNS (for review, see Sutula et al., 

1992). Future experiments using reduced systems of either muscle or CNS neuronal 

cultures will further our understanding of agrin's role in synaptogenesis and synaptic 

remodelling. 
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